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ABSTRACT

80% of energy usage in the word comes from fossil fuels (coal, oil, natural gas) and among
the fossil fuels, oil is the most consumed energy source especially in transportation. However, due
to concerns about energy demand and energy sustainability, global warming and dependency on
foreign oil, generation of renewable fuels is crucial for transportation. Biomass to Liquid (BTL) is
a promising process available to produce renewable liquid fuels. BTL fuels have great potential to
meet the growing demand for liquid fuels, mitigating climate change, and providing value to rural
areas. However, there are two major challenges with biofuels produced from BTL. One of the
major challenge is the H2:CO ratio of biomass gasification product is insufficient for production
of hydrocarbon fuels due to formation of methane and tars. The steam reforming of hydrocarbons,
to improve the H2:CO ratio, is generally conducted as part of the gas conditioning. However, tars
cause the catalysts to deactivate rapidly. Secondly, for fuels produced from the gasification route
regardless of feedstock source, there is an economy-of-scale issue. Therefore, it is desirable to seek
ways of process intensification to allow small scale plants to be more economical. Zeolites can be
used to solve these challenges since they have reactant selectivity property.
To achieve a catalyst capable of reforming methane without potential for deactivation by
tars, the encapsulation of a core reforming catalyst with porous zeolite shell is examined in this
dissertation. After detailed introduction in the first chapter, a composite H-β zeolite membrane
encapsulated 1.6wt%Ni/1.2wt%Mg/Ce0.6Zr0.4O2 steam reforming catalyst was prepared by a

x

physical coating method in the second chapter of the study. Scanning Electron Microscopy (SEM)
and Energy Dispersive Spectroscopy (EDS) analyses indicated that H-β zeolite was coated
successfully on the core reforming catalyst. The pore size of H-β zeolite shell was between 0.43
and 0.57 nm, as measured by the HK method. Steam reforming of CH4 and C7H8 (as a tar model)
were conducted with the composite H-β zeolite coated reforming catalyst, the two components
individually, and physical mixtures of the two components as a function of temperature (780–
840°C). CH4 conversion was enhanced by a factor of 2–3 (depending on temperature) for the
composite catalyst as compared to the core reforming catalyst individually even though the zeolite
did not have any activity alone. Possible reasons for the enhanced CH4 conversion include confined
reaction effects (increase residence time within pores) of the catalyst containing the zeolite coating
and/or Al3+ promotion of the active sites. Alternatively, due to molecular-size selectivity, the
composite H-β zeolite coated reforming catalyst demonstrated a decrease in C7H8 conversion when
compared to the uncoated reforming catalyst. The results validate the use of size selective catalysts
to control molecular traffic and enhance the reforming reactant selectivity.
A composite catalyst consisting of an outer layer of zeolite membrane encapsulating an
inner reforming catalyst core was synthesized by a double physical coating method to investigate
reactant selectivity (ratio of methane/toluene conversion rate) in steam reforming of methane
(CH4) and toluene (C7H8). A double encapsulation (51 wt % H-β zeolite) of a 1.6 wt % Ni−1.2 wt
% Mg/Ce0.6Zr0.4O2 steam reforming catalyst was compared to a singly coated composite catalyst
(34.3 wt % H-β zeolite) to investigate zeolite thickness effects on the conversion of different sized
hydrocarbons. The increase in the zeolite content from 34.3 to 51 wt % decreased both CH 4 and
C7H8 conversions (by up to 14% depending upon the temperature) as a result of the increase in
diffusional limitations. Weisz−Prater criteria and Thiele moduli calculations confirmed that the
xi

reactions were performed under internal diffusion limitations. The C7H8 conversion of the 51 wt
% composite (SR@β51%) catalyst was similar to the zeolite alone, indicating negligible
contribution from the protected catalyst core. The reactant selectivity increased by up to 1.5 times
on SR@β51% in comparison to the SR@β34.3% composite. Combined reforming at 800 °C on
the SR@β51% catalyst indicated that the catalyst was stable during the 10 h time on stream.
Continuing this work, a non-acidic Silicalite-1 zeolite membrane encapsulated 1.6wt%Ni1.2wt%Mg/Ce0.6Zr0.4O2 steam reforming composite catalyst, synthesized by a physical coating
method, was used to investigate effect of encapsulation on size selective steam reforming, using
methane (CH4) and toluene (C7H8) as representative species. Weisz-Prater Criteria and Thiele
moduli calculations indicated internal diffusion limitations. Combined reforming of CH4 and C7H8
at 800°C on the composite catalyst demonstrated stability during the 10 h time on stream while
uncoated SR catalyst deactivated. The non-acidic Silicalite-1 encapsulated catalyst showed
decreases (~2-7%) in both CH4 and C7H8 conversions compared to acidic H-β zeolite confirming
that shell acidity did contribute to conversion and suggesting that shell defects/grain boundaries
were responsible for the C7H8 conversion.
Finally, low temperature 0.16wt%Pt–1.34wt%Ni–1.00wt%Mg/(Ce0.6Zr0.4)O2 reforming
catalyst was triple coated with H-β zeolite (60 wt% of zeolite) to be utilized synthesis of
combination

steam

reforming

catalyst

(SR)

and

Fischer-Tropsch

Synthesis

(FTS)

catalyst (CRAFT) for a single-step conversion of methane to liquid fuels. Scanning electron
microscopy (SEM) image and energy-dispersive spectroscopy (EDS) analysis result demonstrated
that H-β zeolite was successfully encapsulated onto the low temperature reforming catalyst. The
catalyst was tested in steam reforming of methane (CH4) and toluene (C7H8) and the results was
compared with 51 wt%. While CH4 conversions are very similar on the 60wt% composite catalyst
xii

with 51wt% composite catalyst, no C7H8 conversion was seen on the 60 wt% composite catalyst.
Thus, it is concluded that the 60 wt% composite catalyst can be utilized to synthesis CRAFT
catalyst.

xiii

CHAPTER 1: INTRODUCTION1

In recent years, encapsulation of particles and molecules has received attention and many
studies have been performed in the synthesis encapsulated structure to increase stability and
control accessibility of the confined species and to control size and shape of materials for
applications in catalysis, nanoelectronics, nano-optics, biomedicine and material science1

2 3

.

(Figure 1.1).

Figure 1.1 Applications of the encapsulated nanoparticles.
Adapted with permission from Royal Society of Chemistry (from ref. 4)4.

Encapsulated structures can be classified as core-shell (or egg-shell) which is a single
noble metal core encapsulated by a shell, yolk-shell or rattle-type structures which is a single
movable noble metal core inside a hollow shell, multicore-shell (or pomegranate-like) which is
multiple supported or unsupported noble metal cores coated with a metal oxide shell (Figure 1.2).

1

This chapter has been accepted as a book chapter of “Encapsulated Catalysts” Book by “Elsevier”.

1

Figure 1.2 Schematic illustration of core–shell, hollow, and yolk–shell catalysts.
Adapted with permission from Royal Society of Chemistry (from ref. 5)5.

Heterogeneous catalysts encapsulated in inorganic materials (such as zeolites and SiO2) are
also focus of interest for inexpensive, selective, and stable catalysts for XTL process steps (e.g.,
Hydrocarbon Reforming, Water-Gas Shift (WGS) and Fischer-Tropsch Synthesis (FTS)) since
interactions between components can lead to improved properties over the single-components.
Moreover, encapsulated catalytic structures opens the possibility of preserving the catalysts from
deactivation and increase selectivity of the catalysts due to the effect of encapsulation. Eggshell,
multicore-shell and yolk-shell structures are the most studied encapsulated structures in the
literature as XTL catalysts.
Although the encapsulated structures demonstrate many advantages, there is also a
disadvantage for catalytic reactions6. The shell layer could lower the diffusion rates of the reactants
toward the active cores. Diffusion of molecules through the pores of a zeolite occurs in a regime
that is called “configurational diffusion”7, 8. Configurational diffusion occurs when the pore size
is on the order of the molecular size and continuously molecule-wall interaction occurs (Figure
1.3). Very small changes in between pore diameter and molecular dimensions can cause large
differences in the diffusion coefficients of the reactants and this brings shape selectivity (reactant
or product selectivity) property of the zeolites7, 8.

2

Figure 1.3 Effect of pore size on the diffusivity and activation energy of diffusion. Reproduced
with permission from American Chemical Society (from ref. 9)9.

Thus, encapsulated catalysts with a specific size and pore channels can turn this
disadvantage to advantage. For example, using suitable zeolites as a shell layer can protect the core
catalyst from deactivation causing by coking because zeolites have reactant selectivity property
which means the microporous character of the zeolites with uniform pore dimensions allows
certain molecules to enter the crystals while rejecting others with large molecular size10 (Figure
1.4a). Thus, the core catalyst can be protected from deactivation by hindering unwanted molecules
from accessing the core and causing deactivation.

Figure 1.4 Reactant and product selectivity. Reproduced with permission from
Elsevier (from ref. 11)11.

3

The encapsulated catalysts can also use as a bifunctional catalyst to combine two different
active sites in one particle. If the core catalyst which is used for a reaction is encapsulated with a
shell membrane which is used as a catalyst for another reaction, the reactants could be converted
by the shell to intermediate which can then access the inner core catalyst. To leave the core catalyst,
all the intermediates must enter the membrane channels, where they converted into the final
products at the active sites in the membrane

12

. For instance, many studies

11-19

have used core-

shell bifunctional catalysts for Fischer-Tropsch Synthesis core catalyst with a zeolite membrane
shell which is used for isomerization and cracking reaction since zeolites have acidic property,
varied molecular diffusion rate in their pores and product selectivity property (Figure 1.4) which
occurs when some of the product formed within the pores are too bulky to diffuse out as observed
products. Thus, the products are converted to smaller molecules on the active sites of the shell
while diffusing away from the core. In FTS encapsulated catalysts, reactants pass through the
zeolite membrane pores and reach the core FT catalyst where hydrocarbons form. When the
formed hydrocarbons diffuse through the zeolite porous, they are cracked and isomerized by acidic
sites of the zeolite to achieve a synthetic gasoline 15 (Figure 1.5).

Figure 1.5 A schematic image of the capsule catalyst role in the FTS reaction. Reproduced with
permission from John Wiley and Sons (from ref. 12)12.
4

In addition, encapsulated structure can help to protect the core catalyst from deactivation
caused by sintering due to migration and high temperature since the outer shells isolate the
catalytically active nanoparticle cores and prevent the possibility of sintering of core particles
during catalytic reactions even under harsh reaction conditions 4, 6, 20 (Figure 1.6).

Figure 1.6 Difference of supported and encapsulated catalysts in terms of inhibiting migration
and aggregation. Reproduced with permission from Royal Society of Chemistry (from ref. 6)6.

The mobility of reactants in the encapsulated catalyst also plays important role to obtain
high activity. Galanti et al. have recently proposed that the change in polarity of the shell network,
(especially thermosensitive hydrogel shell) alters the mass transport from bulk to the catalyst
through shell medium 21. Another study demonstrated that the catalytic activity of the encapsulated
nanoparticles is decreased when shrinking the network by increasing the temperature and this
occurred due to an increased diffusional resistance mass transport within the shrunk network22
(Figure 1.7).

5

Figure 1.7 PS-NIPA-Ag composite particles consisting of thermosensitive core–shell particles in
which Ag nanoparticles are embedded. The composite particles are suspended in water which
swells the thermosensitive network attached to the surface of the core particles. In this state the
reagents can diffuse freely to the nanoparticles that act as catalysts. At higher temperatures
(T>308C) the network shrinks and the catalytic activity of the nanoparticles is strongly
diminished. Reproduced with permission from John Wiley and Sons (from ref. 22)22.
According to Galanti et al. 21, the reactants diffuse through a free-energy environment of
the shell. This environment impacts the reactants’ solvation free energies when entering the shells
from bulk, which is regarded as adsorption free energy or transfer free energy. As an example, the
free energy of a reactant may be lowered upon entering the network and thus the number of reactant
molecules in the network will be increased, so that their increased concentration in the vicinity of
the catalyst will lead to a higher reaction rate. In their study, based on this explanation, a theory
was developed to calculate the total reaction rate of core–shell catalysts with multiple catalysts
embedded in the shell21.
As explained, there are many advantages of the encapsulated catalysts. In this chapter,
studies made in the literature for inorganic encapsulated catalysts for XTL processes will be
reviewed and discussed. Catalytic application of the encapsulated catalysts in which the core is a
metal and shell is the mesoporous or microporous inorganic materials (such as zeolites, SiO2, CeO2
etc.) in the reforming, water-gas shift (WGS) and Fischer-Tropsch Synthesis (FTS) steps of the
XTL processes will be explained.

6

CHAPTER 2: BACKGROUND AND LITERATURE SURVEY2

2.1 Hydrocarbon Reforming
Reforming is a key step of the XTL process to produce syngas (CO and H 2). Syngas can
be synthesized using three processes: steam reforming, CO2 reforming (dry reforming) and oxy
methane reforming (partial oxidation). The combination of steam and oxy reforming can also be
used as a fourth process which is known as auto thermal reforming (ATR). In the auto thermal
reforming, steam and oxygen are combined in proportions to give a net ΔH~0 23. Steam reforming
(1), CO2 reforming (dry reforming (2)), oxy methane reforming (3), and auto thermal reforming
(4) reactions are given below:
CH4 (g) + H2O (g)

CO (g) + 3H2 (g)

(1)

CH4 (g) + CO2 (g)

2CO (g) + 2H2 (g)

(2)

CH4 (g) + 1/2 O2 (g)

CO (g) + 2H2 (g)

4CH4 (g) + 2H2O (g) + O2 (g)

10H2 (g) + 4CO (g)

(3)
(4)

Catalysts for steam reforming are transition metals from group VIII such as Ni, Pd, Co, Rh,
Ru, Pt and Ir

24-26

. Similarly, most of the catalysts studied for dry reforming are Ni, Pd, Pt, Ru,

Co, Rh, and Ir27-29. SiO2, Al2O3, TiO2, La2O3, CaO, MgO, CeO2 and ZrO2have been used as oxide
supports and K, Mg, Ca and La have been used as promoters to improve the performance of
catalysts 23, 29-31.

2

This chapter has been accepted as a book chapter of “Encapsulated Catalysts” Book by “Elsevier”.
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Catalyst deactivation one of the biggest challenge in catalytic steam reforming and dry
reforming processes. Nickel is inexpensive relative to the other metals and thus it is most studied
catalyst for reforming processes. However, supported Ni catalysts deactivate by carbon formation,
sulfur poisoning, and loss of active sites due to the sintering of nickel particles32, 33. Ni particle size
is an important factor for the activity of steam reforming catalysts since smaller particles will
provide a larger surface for reaction and improved catalyst activity 34. Smaller particles have also
been reported to be more resistant to carbon formation 34. Thus, encapsulation of the Ni particles
may prevent the possibility of sintering during catalytic reactions causing by migration and high
temperature since encapsulation of the Ni catalyst with a stable shell will keep particle size smaller
by inhibiting the migration and aggregation and help to protect catalyst from coking.

Figure 2.1 Left figure: (A) MLD coating process. (B) Ni nanoparticles; (C) 5-MLD cycles and
(D) 10-MLD cycles. Right figure: (A) Dry reforming at 973 K (B) Effect of cycling on the DRM
rates. Reproduced with permission from American Chemical Society (from ref. 36)36.

Encapsulation of supported Ni catalysts in an inorganic systems for reforming process have
been studied recently to protect the catalysts from deactivation and improve their performance.
8

High reaction temperatures can be employed to thermodynamically inhibit coke formation

35

.

However, high temperatures increase catalyst sintering, thereby reducing conversion and coke
resistance. Thus, to hinder sintering and coking of Ni particles during the dry reforming (DRM),
Gould et al.36 prepared a porous alumina coated Ni/Al2O3 particles using molecular layer
deposition (MLD). The study found that the dry reforming rates for the MLD-coated catalysts
stayed stable for 108 h. while uncoated catalyst continuously deactivated during DRM at 973 K
(Figure 2.1).

Figure 2.2 Specific activity for Ni@SiO2 and Ni−yolk@Ni@SiO2 with different shell
thicknesses (a). Conditions: 800 °C, GHSV = 1440 L·g−1 cat·h−1, Wcat = 0.01 g, CO2:CH4:N2 =
1:1:1. Stability test for Ni@SiO2 with 3.3 nm shell thickness and Ni−yolk@Ni@SiO2 with 11.2
nm shell thickness (b). Conditions: 800 °C, GHSV =36 000 mL·g−1 cat·h−1, CO2:CH4:N2 =
1:1:1. Reproduced with permission from American Chemical Society (from ref. 37)37.

In addition to improved stability, encapsulation of the reforming catalysts have been also
studied to achieve high activity. Encapsulation can yield large interfaces between materials, which
contributes to active metal-support interactions. For instance, Li et al. synthesized a
yolk−satellite−shell structured Ni−yolk@Ni@SiO2 with a different shell thicknesses (3.3 nm, 5.7
nm, 11.2 nm and 15.1 nm) for dry reforming to obtain high catalytic activity and stability37. The
authors found that a small increase in shell thickness from 3.3 to 5.7 nm resulted in a nearly
9

doubled increase in CH4 specific activity and a tripled increase in CO2 specific activity (Figure
2.2a). The 11.2 nm shell thickness Ni−yolk@Ni@SiO2 demonstrated the most stable and active
result for the with CH4 and CO2 specific activities (Figure 2.2b).
In another study, Li et al. synthesized Ni@Ni-Mg phyllosilicate core−shell catalysts by the
hydrothermal treatment of Ni@SiO2 nanoparticles to increase the exposed Ni area for reactants 38.
The authors improved of catalytic performance of DRM reaction due to the high Ni accessibility,
strong basicity, and high structural stability of the Ni@Ni- phyllosilicate core−shell catalyst.
Besides the stability and activity, encapsulation of the reforming catalysts is used to improve
reactant selectivity. Reactant selectivity is a property of the porous materials which occurs when
only part of the reactant molecules are small enough to diffuse through the pores 11 (Figure 1.4).
For this aim, catalysts are encapsulated with a microporous material such as zeolites since they
have uniform pore dimensions and microporous character permits small molecules to enter the
crystals while rejecting others with large molecular size 10.
2.2 Water-Gas Shift Reaction
The water gas shift (WGS) is a catalytic process to convert CO and H2O to produce H2 as
shown in reaction (5). This process was first reported by Mond and Langer in 1888

39

. WGS

catalysis has an important role in the industry for the production of ammonia, methanol, and
hydrogen 40. This reaction is also used in XTL process to produce synthetic fuel with the steam
reforming of hydrocarbons, to adjust the H2/CO ratio of the produced gas stream.
CO (g) + H2O (g)

CO2 (g) + H2 (g)

ΔH°298=-41.2kj/mol

(5)

To balance between kinetics and thermodynamic limitations, the WGS reaction is usually
conducted in two or three-stage catalytic converters instead of one to make the process more
economical 41. The first stage is a high temperature step that is operating at 320-450°C, favoring
10

fast CO consumption and minimizing catalyst bed volume and the second stage is low temperature
step that is operating at 200-240°C to get higher conversions 42, 43.
The catalyst selection for WGS reaction depend on which stage that the catalyst will be
used. There are two main types of WGS catalysts. The first type is promoted iron oxide catalysts
which are high temperature shift (HTS) catalysts42, 44. They are active at high temperatures (320–
450°C). The second type is copper oxide catalysts which are low temperature shift (LTS) catalysts
and used at relatively low temperatures (180–260°C)

42, 45, 46

. Besides these catalysts, precious

metal- based catalysts (mainly platinum and gold) have been studying recently for use in fuel cell
applications 47-49.
Despite developments on Fe and Cu catalysts, rapid deactivation is major issue over such
catalysts50, 51. Addition noble metals, use different promoters, improving strong metal– support
interaction with porous structures or confined metal into a well-defined channel are some of the
methods that are used in the literature to solve deactivation problems52. Encapsulating metals with
inorganic shells such as SiO2, Al2O3, CeO2, ZrO2, Fe2O3, and TiO2 are currently receiving great
attention due to their high thermal stability and high level of metal–support interaction

52-54

. For

instance, Yeung et al. reported that the microemulsion prepared ceria encapsulated noble metal
catalysts which show a comparable or even higher catalytic activity towards the WGS reaction
than those catalysts prepared by traditional methods due to the intimate contact with noble metal
particle and cerium oxide

53, 55, 56

. In another study, Yeung et al. compared the WGS and

methanation activities of commercial Cu/ZnO/Al2O3, Co-precipitated 2% Pt/ceria, Wet
impregnated 5% Pt/ceria, Ceria encapsulated 5% Pt and ceria encapsulated 5%Pt -5%Au coreshell catalysts and they found that bimetallic core of Pt and Au in a 1:1 ratio at 5wt% with respect
to the ceria shell showed the highest WGS activity with no methanation activity.45 Saw et al.
11

synthesized bimetallic Ni-Cu core encapsulated by a CeO2 shell catalyst using combined method
of positive emulsion and self-assembly

52

. They varied the core loadings and compared with

conventional impregnation method in the WGS reaction and they found that the core-shell catalyst
exhibited higher catalytic activity at 500°C than the supported catalyst with the same metal
loadings due to high level of metal-support interaction and small bimetallic Ni-Cu particle size.
Wieder et al. synthesized an alumina-supported, Pd@CeO2, core-shell catalyst having 1 wt % Pd
and 9 wt % ceria for the water-gas-shift (WGS) reaction and found that the Pd@CeO2 catalyst
initially exhibited similar WGS rates to that of a conventional Pd/ceria catalyst, but the catalyst
deactivated severely over the period of 1 h. This deactivation was explained that the reduced
Pd@CeO2/ Al2O3 catalysts do not adsorb CO thus these catalysts lose activity for the WGS
reaction as they undergo reduction 57.
Cargnello et al. developed a new synthesis method for Pd@CeO2 core shell nanoparticles
that are easily dispersible in common organic solvents since the dispersibility core-shell structures
with oxide shells is a key property for avoiding formation of aggregates58. They demonstrated that
the Pd@CeO2 core–shell impregnated Al2O3 support showed significant CO uptake and the Pd is
accessible to CO and water, implying that the ceria shell must be porous 58. In later study, Cargnello
et al. synthesized and compared 1-wt% Pd-CeO2 catalysts prepared by co-precipitation of Pd
nanoparticles with ceria (Pd@CeO2-CP), by a microemulsion procedure (Pd@CeO2-ME), and by
normal impregnation of Pd salts (Pd/CeO2-IMP) to test the concept that Pd-CeO2 catalysts could
be more stable for the water-gas-shift (WGS) reaction when the Pd is embedded in CeO2 59. The
authors found that Pd@CeO2-ME sample demonstrated good stability for WGS, suggesting that
more effective encapsulation of Pd can limit the sintering of the metal phase and resulting in stable
catalysts under high temperature reaction (400°C) as shown in Figure 2.3.
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Figure 2.3 CO conversions at 250 °C (a,b) and 300 °C (c) under WGSR conditions of Pd/CeO2IMP (a), Pd@CeO2-CP (b) and Pd@CeO2-ME (c) catalyst after different subsequent treatments.
Reproduced with permission from Royal Society of Chemistry (from ref. 59)59.

2.3 Fischer-Tropsch Synthesis
Fischer-Tropsch Synthesis (FTS) is the last step of the various XTL technologies and
employed to synthesize liquid fuel from syngas. Franz Fischer and Hans Tropsch discovered
Fischer-Tropsch Synthesis in 1922 converting a mixture of carbon monoxide and hydrogen to
hydrocarbons using an iron catalyst 60. The FTS reaction is a strongly exothermic polymerization
reaction (ΔH=-165-204 kJ/mol CO) 61-67.
The most common Fischer–Tropsch catalysts are Fe, Co, Ni, Rh, and Ru67-70. Co and Fe
have been mostly used in industry due to their advantages such as low price (compared to Rh and
Ru) and lower methane selectivity (compared to Ni based catalysts) 67, 70, 71. However, promoters
are required for Fe and Co catalysts to achieve good activity and selectivity. Although
hydrocarbons produced by FTS reaction are sulfur, nitrogen, and aromatics-free, which makes the
13

FTS products capable of being desirable fuels, desired product selectivity of FTS reaction is low72.
In order to obtain high selectivity in FTS reaction, ‘egg-shell’ Co catalysts have been developed
by Exxon73, 74 and core-shell type catalysts have been studied widely since then. Especially using
zeolites to encapsulate core FTS catalysts is the most chosen method to increase the desirable
product selectivity since zeolites have product selectivity property (Figure 1.4), varied molecular
diffusion rate in their pores and acidic property. They are also used as hydrocracking and
isomerization catalysts in industry due to their acidic property.
The details of the Fischer-Tropsch Synthesis reactions (main and side reactions) are
demonstrated in Table 2.1.

Table 2.1 Reactions in the Fischer-Tropsch Synthesis (FTS)
Reproduced with permission from Elsevier (from ref. 68) 68
Main Reactions:
1. Parrafins
(2n+1)H2 + nCO  CnH2n+2 + nH2O
(6)
2. Olefins
2nH2 + nCO  CnH2n + nH2O
(7)
3. WGS Reaction
CO + H2O ↔ CO2 + H2
(8)
Side Reactions:
4. Alcohols
2nH2 + nCO  CnH2n+2O + (n - 1)H2O
(9)
5. Catalyst oxidation/reduction
(a) MxOy + yH2 ↔ yH2O + Xm
(10)
(b) MxOy + yCO ↔yCO2 + xM
(11)
6. Bulk carbide formation
yC + xM ↔ MxCy
(12)
7. Boudouard reaction
2CO  C + CO2
(13)

In zeolite encapsulated bifunctional catalysts, the reactants first diffuse the zeolite
membrane porous and arrive to FTS sites, which convert the syngas into long-chained linear
hydrocarbons. These intermediate products desorb and diffuse through to the acidic sites of the
zeolite shell where they undergo further hydrocracking and isomerization to form desired branched
hydrocarbons (i.e., gasoline cut) to exit the catalyst (Figure 2.4) 12, 15. The role of the encapsulated
catalyst structure is to separate two active sites where the different reactions catalyzed
14

independently which is crucial for product selectivity. Moreover, the encapsulated bifunctional
catalyst is expected to show high selectivity in a consecutive reaction as it improves the collision
possibility between intermediates and active sites significantly12. The main difference of the
encapsulated catalyst and the conventional bifunctional catalysts that are prepared by mixing is the
active sites are distributed randomly in the conventional bifunctional catalysts. Thus, the cascade
reactions happen randomly, which cause the intermediate products can leave without reacting at
the other active sites which means low desired product selectivity12. Furthermore, shape selectivity
for the products also is expected since molecules of different sizes have a different diffusion
efficiency in the membrane channels 12, 14. Thus, low diffusion rate of the long-chain hydrocarbons
forces them stay in the zeolite membrane layer longer which means having a higher chance of
isomerization and cracking reaction inside the membrane15.

Figure 2.4 A schematic image of the capsule catalyst role in the FTS reaction. Reproduced with
permission from American Chemical Society (from ref. 15)15.

There are many studies on the literature about the zeolite encapsulated FTS catalyst. For
instance, Bao et al. studied core/shell catalyst which H-beta zeolite membrane was coated directly
onto the surface of a Co/Al2O3 pellet to increase the selectivity of isoparaffins in the FTS reaction
12

. The authors observed that the formation of C12+ hydrocarbons suppressed completely and the

middle isoparaffins became the main products. Yoneyama et al. synthesized Co/SiO2 core and
15

HZSM-5 zeolite shell FTS catalyst to produce isoparaffins from synthesis gas19. The authors
obtained low methane selectivity and high isoparaffin selectivity in FTS reaction using
Co/SiO2/HZSM-5 hybrid catalyst for one-step isoparaffin production from syngas. Li et al.
investigated H-β zeolite-enwrapped Co/Al2O3 FTS catalyst and they also got extremely high
isoparaffin selectivity and the catalyst stayed stable for 10 h without deactivation16. He et al.
encapsulated H-ZSM-5 membrane onto the surface of the Co/SiO2 pellet to increase selectivity of
light hydrocarbon in FTS reaction 15. They found that long-chain paraffin selectivity reduced when
use encapsulated catalyst due to secondary isomerization and hydrocracking on the zeolite shell
15

. In another study, He et al. examined the thickness effect of the H-ZSM-5 zeolite shell on

selectivity of the FTS reaction and they found that methane selectivity increased with the zeolite
membrane thickness since H2 diffuses more quickly than CO through the shell14. Bao et al.
synthesized H-ZSM-5/fused-iron core-shell catalyst for the synthesis reaction of isoparaffin from
syngas 13. The result of their study showed that the formation of C10+ hydrocarbons suppressed
completely and the middle isoparaffins became the main products and they achieved low methane
selectivity. Yang et al. synthesized H-ZSM-5 zeolite shell on the Co/SiO2 FTS catalyst using
physically adhesive method and hydrothermal synthesized method and compared their catalytic
performance with physically mixed catalyst on the direct synthesis of light isoparaffin from syngas
18

. The authors observed that the selectivity of light isoparaffin obtained by zeolite capsule

catalysts increase sharply and the formation of heavy hydrocarbons suppressed comparing to
physically mixed H-ZSM-5 and Co/SiO2 catalyst. Yang et al. synthesized H-ZSM-5 and Silicalite1 zeolite encapsulated Cu/ZnO/Al2O3 core-shell catalysts for Dimethyl ether (DME) production
from syngas and compare the activity and selectivity with uncoated catalyst. The authors found
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that the higher DME selectivity but lower activity (CO% conversion) on the core-shell catalysts
due to the coverage of the active sites by zeolite crystals17 (Figure 2.5).

Figure 2.5 Catalyst catalytic performance in syngas to DME reaction and products distribution of
Cu/ZnO/Al2O3 catalyst (CZA), H-ZSM-5 and Silicalite-1 zeolite capsule catalysts (CZA-Z and
CZA-S, respectively) and the physically mixed catalyst (CZA-M). Reproduced with permission
from American Chemical Society (from ref. 17)17.

To sum up, XTL processes have received an immense deal of interest in recent years.
Although these processes are very attractive, active, selective, and stable catalysts for XTL process
steps (e.g., Reforming, Water-Gas Shift (WGS) and Fischer-Tropsch Synthesis (FTS)) are crucial
to achieve affordable synthetic fuel. Encapsulated catalysts (core-shell, yolk-shell etc.) have been
studied widely in the literature over the last several years to increase stability and activity and
product and reactant selectivity for applications in catalysis, especially in Reforming, Water-Gas
Shift (WGS) and Fischer-Tropsch Synthesis (FTS). Encapsulating metals with inorganic shells
such as SiO2, Al2O3, CeO2, ZrO2, Fe2O3, and TiO2 are currently receiving great attention due to
17

their high thermal stability and high level of metal–support interaction for the water-gas shift.
Coating the Fe or Co catalysts is studied to obtain high product selectivity (especially isoparaffin
selectivity) for FTS step in the XTL processes. The studies have been done in the literature about
encapsulated catalysts give promising results that is showed encapsulation can be used to increase
stability, activity, control the reactant selectivity and obtain high desirable product in the XTL
processes.
2.4 Objectives
As mentioned in the previous section, XTL processes are promising processes to produce
synthetic liquid fuels from biomass natural gas, and coal. Among the XTL processes, biomass to
liquid process (BTL) particularly attractive since it is a sustainable, environmentally friendly
source of carbon for liquid fuel production. Although BTL is a promising process, production
synthetic fuel from the gasification route, regardless of feedstock source, there is an economy-ofscale issue which means it requires very large and expensive production facilities. Moreover, the
first gasification and steam reforming step in these processes is highly endothermic and lose
enormous amounts of energy to the surroundings. The Fischer-Tropsch Synthesis (FTS) step is
exothermic, so the energy released here cannot be recycled back to the first step.
In one routes of BTL process, biomass is gasified to produce a gas mixture of CO, CO2, H2
and hydrocarbons including methane and heavier hydrocarbons such as tars. Steam reforming (SR)
is used to convert the methane and other hydrocarbons to carbon monoxide and hydrogen. The
Fischer-Tropsch process (FTS) is a technique to convert a mixture of carbon monoxide and
hydrogen, called synthesis gas or syngas, into hydrocarbon chains of varying lengths.
Methane and Toluene steam reforming, Water-gas shift (WGS), and Fischer-Tropsch
Synthesis (FTS), reactions are as follows:
18

CH4 + H2O
C7H8 + 7H2O
CO + H2O
CO+ (2n+1)H 2

CO + 3H2
7CO + 11H2
CO + 3H2

ΔH°= 206.1 𝑘𝑗/𝑚𝑜𝑙
ΔH°= 869.1 𝑘𝑗/𝑚𝑜𝑙
ΔH°= -41.1 𝑘𝑗/𝑚𝑜𝑙

CnH2n+2 + nH2O

Another main challenge in this route is H2:CO ratio in the product. The preferred ratio of
H2:CO ratio is 2 for Fischer-Tropsch Synthesis but biomass is hydrogen deficient and the ratio is
further decreased by a significant portion of the hydrogen atoms remaining locked in
hydrocarbons, especially methane. The steam reforming of hydrocarbons, to improve the H2:CO
ratio, is generally conducted as part of the gas conditioning. However, tars (single and polycyclic
aromatic hydrocarbons with a molecular weight equal or higher than benzene) cause the steam
reforming catalysts to deactivate rapidly, which decreases the methane conversion to syngas. To
achieve a catalyst capable of reforming methane without potential for deactivation by aromatic
hydrocarbons, the method of encapsulation using a multi-core reforming catalyst with porous
zeolite shell was studied. Zeolite encapsulated core-shell reforming catalyst can allow CH4 and
H2O to enter the core reforming catalyst and reduce or prevent larger molecules (i.e., C7H8).
The overall objective of this dissertation is to evaluate the ability of a zeolite coating to
control the reactant selectivity to develop a composite catalyst for production of synthetic fuel
from biomass derived syngas. For this main objective, in the 2nd Chapter of this study, 34.3 wt%
H-β zeolite encapsulated 1.6wt%Ni/1.2wt%Mg/Ce0.6Zr0.4O2 composite SR catalyst was studied to
investigate reactant selectivity effect of the H-β zeolite shell on methane and toluene (as a tar
model) steam reforming. In the 3rd chapter, the effect of zeolite shell thickness, which is
proportional to zeolite amount added, on the reactant selectivity was studied on 51 wt% H-β zeolite
encapsulated 1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2 steam reforming composite catalyst. In the 4th
19

Chapter, zeolite acidity effect was studied on the reactant selectivity using a 51 wt% non-acidic
silicalite-1 zeolite encapsulated 1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2 steam reforming composite
catalyst. Lastly, in the 5th chapter, 60 wt% H-β zeolite encapsulated low temperature 0.16wt%Pt–
1.34wt%Ni–1.00wt%Mg/(Ce0.6Zr0.4)O2 steam reforming composite catalyst was synthesized for
use in the combination of steam reforming and Fischer-Tropsch synthesis catalyst.
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CHAPTER 3: MOLECULAR-SIZE SELECTIVE H–β ZEOLITE-ENCAPSULATED CEZR/NI-MG CATALYSTS FOR STEAM REFORMING3

3.1 Introduction
Biomass gasification and subsequent fuel synthesis (BTL) is one route for the conversion
of biomass to fuels. In this process, biomass is gasified to produce syngas, a mixture of CO, CO2,
H2, H2O, contaminants, and hydrocarbons including methane and heavier hydrocarbons such as
tars

75

. Steam reforming (SR) is used to further convert the methane and other hydrocarbons to

syngas 76. The main reactions in SR of tar (using toluene as a surrogate) contaminated methane are
as follows 77-79:
CH4 + H2O

CO + 3H2

ΔH°= 206.1 𝑘𝑗⁄𝑚𝑜𝑙

(1)

CO + H2O

CO2 + H2

ΔH°= -41.1 𝑘𝑗⁄𝑚𝑜𝑙

(2)

ΔH°= 869 𝑘𝑗⁄𝑚𝑜𝑙

(3)

C7H8 + 7H2O

7CO + 11H2

Reaction (1) is methane steam reforming, Reaction (2) is water-gas shift and Reaction (3)
is toluene steam reforming reactions. A main challenge in this route is the low H2:CO ratio in the
product. The H2:CO ratio is required as 2 for Fischer-Tropsch Synthesis and methanol synthesis,
but biomass is hydrogen deficient and the ratio is further decreased by a significant portion of the
hydrogen atoms remaining locked in hydrocarbons, especially methane. Syngas produced from

3

Reprinted with permission from U. Cimenler, Babu Joseph, and J. N. Kuhn Molecular-size selective Hβ zeolite-encapsulated Ce-Zr/Ni-Mg catalysts for steam reforming. Applied Catalysis A: General 505
(2015): 494-500.Copyright © 2015, Elsevier.
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biomass gasification typically has a H2:CO ratio of approximately 1 and substantial CH4 amounts
(i.e., H2:CO:CH4 = 1:1:0.5) 75. The steam reforming of hydrocarbons, to improve the H2:CO ratio,
is generally conducted as part of the gas conditioning. However, tars (single and polycyclic
aromatic hydrocarbons with a molecular weight equal or higher than benzene 80) cause the catalysts
to deactivate rapidly, which decreases the methane conversion to syngas 81.
The development of a catalyst that can reform methane in the presence of tars could allow
the tars to be removed via scrubbing methods following the high temperature processing steps,
which would improve the thermal integration of the overall process and permit the use of catalysts
over longer lifetimes as catalyst regeneration steps (repeated high temperature processing of nickel
catalysts causes sintering and loses of activity 82) would be needed less frequently. These benefits
would contribute positively to the economics.
To achieve a catalyst capable of reforming methane without potential for deactivation by
tars, the encapsulation of a core reforming catalyst with porous shell is examined here. Zeolites
have been used for their specific properties such as microporosity, molecular sieve and good
hydrothermal stability 10, 83, 84. The micropores permit some small molecules to enter the core and
reject large molecules 10. Thus, a zeolite encapsulated catalyst could allow CH4, H2O to the core
reforming catalyst and reduce or prevent larger molecules (i.e., C7H8).
Although Ni catalysts are widely studied SR catalysts, coke formation and rapid
deactivation are some challenges in these catalysts 85-90. CeO2 is a largely used promoter with Ni
to decrease sintering, improve oxygen storage capacity (OSC), and increase sulfur tolerance 88, 91,
92

. The use of zirconia in conjunction with ceria increases OSC, which is extremely important to

the stability, redox property, activity and selectivity of the catalyst 85, 93-95. Addition of MgO with
high basicity can reduce coke formation and sintering by decreasing Lewis acid sites
22

96, 97

.A

catalyst of Mg promoted Ni supported on Ceria-Zirconia (1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2) was
selected for this study. Mg and Ni weight percentage and Ce:Zr molar ratio were selected as 8 %
and 0.6:0.4, respectively, since higher methane conversion was found 85 when this formulation is
compared to different ones involving the same components. The main purpose of this study is to
investigate the ability of a zeolite coating to control the conversion via reforming of hydrocarbon
reactants based on their size. An H-β zeolite shell was used to coat the core SR catalyst since its
pores are between the sizes of CH4 and C7H8 (tar model) and it has good thermal stability properties
98-100

. With further refinement, this approach is anticipated to be of use selective conversion of

hydrocarbons via reforming and benefit BTL processes.
3.2 Experimental
3.2.1 Synthesis
3.2.1.1 Synthesis of H-β Zeolite
The H–β zeolite was synthesized by a hydrothermal synthesis method as reported by Li et
al.101.

To

prepare

the

H–β

zeolite

precursor

solution,

14.4

g

of

25

wt%

Tetraethylammonium Hydroxide (TEAOH) in water (Acros Organics, Inc.), 4.1 g of SiO2
(99.98% pure; CAB-O-SIL M-5, scintillation grade, Acros Organics, Inc.), 0.3 g of
((CH3)2CHO)3Al (Aluminum iso-propoxide, ≥ 98% pure; Sigma– Aldrich, Inc.), and 3.6 g of
deionized water were mixed under continuous stirring at room temperature for 2 h. Then, the H–β
zeolite precursor solution was added into the hydrothermal synthesis equipment and it was kept at
155°C for 3 days for crystallization. The resulting material was centrifuged to separate liquid and
solid phases. The solid part was washed with distilled water until its pH value was less than 8.
Then, it was dried at 120°C for 12 h and was calcined at 550 °C for 8 h. The composition of the
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H–β zeolite precursor solution was prepared with a Si/Al=47.24 ratio. (Please see Appendix F for
flowchart)
3.2.1.2 Synthesis of 1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2 Steam Reforming Core Catalyst
The core SR catalyst 1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2 was synthesized in two steps.
First, molar ratio 0.6:0.4 Cerium-Zirconium oxide catalayst was synthesized by a co-precipitation
method as reported by Rossignol et al.102. For this, Ce(NO3)3x6H2O (99.5% pure; Alfa Aesar, 6.5
g) and ZrO(NO3)2xH2O (99.9% pure; Alfa Aesar); 2.49 g were dissolved in deionized (DI) water
and precipitated by the addition of NH4OH (27% w/w NH3; Mallinckrodt Chemicals) to form a
hydrous Ce/Zr solution. This mixture was filtered and re-dissolved into a 0.25M NH4OH solution.
The dilute solution was re-filtered and dried in an oven at 60°C for 1 h followed by 120°C
overnight. Then, the dried catalyst was calcined at 800°C for 4 h. Second, Ni (8% by weight) and
Mg (8% by weight) were loaded to the oxide support by wet impregnation (WI) as reported by
Walker et al.

85

. For the WI method, appropriate amounts of salts were dissolved in deionized

water. This homogeneous solution was added drop wise to the support until incipient wetness and
dried at 120°C for 2 h. This step was repeated until all of the metal nitrate solution had been added
to the support. Following the final drying step, the catalyst was calcined at 500°C for 4 h.
3.2.1.3 Synthesis of H-β Zeolite Coated Composite Steam Reforming Catalyst
H-β zeolite coated composite SR catalyst was prepared by physical coating (PhyC) method
as given by Pinkaew et al. 103 Silica sol (Ludox: 40 wt.%, Sigma Aldrich, Inc.) was used as binder
for H-β zeolite to SR catalyst. 3.07 g of silica sol was diluted with 1.5 times DI water (~4.6 g) by
weight. Then, diluted silica sol was added to 1.03 g SR catalyst dropwise and 0.54 g of H-β zeolite
powder was mixed with the moistened SR catalyst in a round bottomed flask, followed by
vigorously shaking until the formation of one uniform zeolite shell coating on the surface of core
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catalyst. The obtained catalyst was calcined at 500°C for 2 h to increase the mechanical strength
of zeolite shell, which resulted in a 34.3 wt% of H-β zeolite encapsulated composite SR catalyst.
Pellet size of encapsulated composite catalyst was between 0.64-1 mm. 14 wt% H-β zeolite
encapsulated composite catalyst was also synthesized in the same method to compare with the 34.3
wt% sample. (Please see Appendix F for flowchart).
3.2.1.4 Preparation of Physical Mixture Catalyst
The physical mixture of SR and H-β zeolite catalyst was prepared by mechanically mixing
the SR catalyst and H–β zeolite. The mass of H–β zeolite was 34.3wt%, a loading that was the
same as for the encapsulated catalyst. To prepare the physical mixture catalyst for CH4 SR reaction
7.4 mg catalyst and 3.87 mg H-β zeolite and for C7H8 SR reaction 10.3 mg catalyst and 5.4 mg Hβ zeolite were used. To assess the H-β zeolite’s role, a physical mixture catalyst with SR catalyst
and Al2O3 was also prepared instead of using H-β zeolite based on 34.3 wt%.
3.2.2 Characterization Methods
X-ray diffraction (XRD), N2 Physisorption, Scanning Electron Microscopy (SEM) and
Energy Dispersion Spectroscopy (EDS) were used to characterize the catalysts. The X-ray
diffraction (XRD) patterns were obtained on a Bruker AXS XRD in a step mode employing CuKα
radiation (0.154 nm). The machine was operated in a Bragg angle (2θ) range of 5°-90° for H-β
zeolite and H-β zeolite coated composite SR catalyst and 15°-90° for SR catalyst. The step size
was 0.02 for H-β zeolite, 0.004 for SR catalyst. The X-ray tube was operated at 40 kV and at 40
mA. N2 Physisorption experiments were performed using a Quantachrome Autosorb-iQ to obtain
BET surface area and Horvath-Kawazoe (HK) method pore size distributions of the catalysts. The
morphology of the samples was investigated with a Hitachi S-800 SEM coupled to an Ametek
EDAX which can simultaneously provide the surface elemental composition information.
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3.2.3 Steam Reforming
The reactions were carried out in a fixed bed quartz U-tube microreactor with an internal
diameter of 4 mm. The catalyst was loaded between two layers of high temperature quartz wool.
The U- tube reactor was placed into a Thermoscientific Thermolyne tube furnace. The furnace
temperature was controlled using a Eurotherm 3110 PID controller. The U-tube reactor was fed
from a manifold that was connected to Alicat Scientific mass flow controllers and two quartz
bubblers. Helium was used as carrier gas in the system and in both the toluene and steam bubblers.
Total flow rate was 75 sccm (0.64 % CH4, 0.64 % H2O, % 98.7 He) for CH4 SR and 32.6 sccm (1
% C7H8, 7% H2O, % 92 He) C7H8 SR. The reactor outlet was connected to a Perkin Elmer Gas
Chromatography (GC) to analyze the effluent gas from reactor using Hayesep-D packed column
and thermal conductivity detector (TCD). All of the feed and outlet lines were wrapped with
heating tape to prevent condensation prior to entering the GC.
The sample with high H-β zeolite (34.3 wt%) loading that was encapsulated by the
composite catalyst was the only composite catalyst used in the reactions The reason of not using
the 14 wt% H-β zeolite encapsulated samples in the reactions was explained in the characterization
results section. The mass of catalysts for CH4 SR were 11.3 mg for SR catalyst alone, H-β zeolite
coated SR catalyst, and physically mixed catalysts with H-β zeolite-SR catalyst and Al2O3-SR
catalyst. Another mass (17.2 mg) of the H-β zeolite coated composite SR catalyst was also tested
to compare same amount of SR catalyst (11.3 mg SR catalyst and 5.9 mg H-β zeolite of 17.2 mg
H-β zeolite coated composite SR catalyst based on 34.3%). The mass of catalysts for C 7H8 SR
were 10.3 mg for the SR catalyst alone, 15.7 mg H-β zeolite coated SR catalyst and 15.7 mg
physically mixed catalyst (10.3 mg SR catalyst and 5.4 mg H-β zeolite of 15.7 mg based on 34.3%)
and 5.4 mg H-β zeolite. Reaction conditions were 780-800-820-840° C, atmospheric pressure, and
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stoichiometric feeds (i.e., molar ratio of CH4/H2O = 1 and C7H8/H2O=7 for the respective
reactions). The reactions were also conducted on Ce0.6Zr0.4O2 support by itself, H-β zeolite alone,
and blank reactor at the same reaction conditions. There was not any conversion during CH4 SR
and only conversion for the H-β zeolite alone during C7H8 SR.
The reaction procedure was similar for both the CH4 and C7H8 SR reactions. The catalysts
were heated (ramp rate of 10°C/min) under helium gas (5 sccm) to 120°C and held there for 30
min. The samples were then heated (10 °C/min) to 800°C in helium gas (50 sccm) and the gas flow
was switched to 5% H2/He (50 sccm) for a 2 h reduction. After the reduction, the temperature was
increased (rate of 10°C/min) to the highest reaction temperature and reactions were started. After
conversions reached steady state at each temperature the subsequent temperatures were conducted
sequentially in decreasing order.
The Mears criteria were calculated for the various catalysts ranged from ~10-3 to ~10-5 and
thus indicated that external transport limitations (since each << 0.15) were not present in this study.
The Weisz-Prater Criteria were also calculated and, for CH4 SR, the values were ~10-7 for the
uncoated catalyst and ~4 for H-β zeolite coated SR catalyst. According to Weisz-Prater Criterion,
there was no internal mass diffusion limitations for uncoated SR catalyst since ~ 10-7 <<1.
However; there was internal mass diffusion limitations for H-β zeolite coated SR catalyst since 4
>1. An analysis of the C7H8 reforming was also conducted and resulted in similar values and
conclusions.
Methane and toluene conversion and product selectivity were calculated using the
following equations:
CH4 conversion = 𝑋𝐶𝐻4 = (1 −
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𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑓 𝐶𝐻4 𝑜𝑢𝑡
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑓 𝐶𝐻4 𝑖𝑛

) ∗ 100

C7H8 conversion = 𝑋𝐶7𝐻8 = (1 −

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑓 𝐶7𝐻8 𝑜𝑢𝑡
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑓 𝐶7𝐻8 𝑖𝑛

) ∗ 100

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
)∗
∑ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

Selectivity of a product= 𝑆𝑃 = (

100

3.3 Results and Discussion
3.3.1 Catalyst Characterization
The XRD patterns of pure H-β zeolite powder (a), H-β zeolite coated composite catalyst
(b), bare SR catalyst (e), C7H8 SR post-reaction H-β zeolite coated composite catalyst (c) and C7H8
SR post-reaction physical mixture catalyst (d) are presented in Figure 3.1. Miller indices are also
shown for each diffraction line with the red and black text indicating the contributions from the
SR and H-β zeolite phases, respectively. The diffraction pattern of the prepared H-β zeolite and
SR catalyst are consistent with the standard H-β zeolite framework structure in the zeolite database
and literature indicating the successful synthesis of H-β zeolite and SR catalyst 85, 99, 104.

Figure 3.1 XRD patterns of H-β zeolite (a), H-β zeolite coated SR catalyst (b), C7H8 SR postreaction sample of physical mixture (c), C7H8 SR post-reaction sample of H-β zeolite coated SR
catalyst (d) SR catalyst (e). Red and black miller indices indicate SR catalyst and H-β zeolite
peaks, respectively. CeZrNiMg represents SR catalyst.
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In addition, the synthesized H-β zeolite coated composite catalyst XRD peaks perfectly
matched with the synthesized H-β zeolite and SR catalyst, as given in Figure 3.1. Therefore, it can
be concluded that there were no obvious changes in the SR catalyst during the preparation process
of zeolite capsule catalyst. When post-reaction patterns are compared with the pre-reaction
patterns, all H-β zeolite and SR catalyst diffraction lines are still present, which indicated that the
materials were not altered under reforming conditions.
BET analysis was performed and the results are listed in Table 3.1. The respective BET
surfaces areas of H-β zeolite and Ce0.6Zr0.4O2 were determined as 784 m2/g and 39 m2/g, which
are consistent with standard H-β zeolite (with the similar Si/Al ratio) and Ce0.6Zr0.4O2 surface areas
found 85, 101, 105. The surface area of Ce0.6Zr0.4O2 slightly decreased from 39 m2/g to 35 m2/g when
8wt% Ni and 8wt% Mg were loaded to the oxide support. A similar decrease upon metal loading
was also seen in literature

85, 106

. The reason for surface area diminishment is explained as pore

blockage by the loaded metals 85. The H-β zeolite coated composite catalysts of 34.3 wt % and 14
wt % possessed BET surface areas of 196 and 78 m2/g, which are between the H-β zeolite and SR
catalyst surface areas and it is expected that the composite catalyst with more of the zeolite would
have a higher surface area.

Table 3.1 BET surface area results
Catalyst

BET Surface
Area (m2/g)

H-β zeolite

784a

Ce0.6 Zr0.4O2

39

1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2

35b
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Table 3.1 (Continued)
H-β zeolite coated composite 1.6wt%Ni1.2wt%Mg/Ce0.6Zr0.4O2

196b

(34.3 wt% zeolite )

H-β zeolite coated composite
1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2 (14 wt%
zeolite )
a
b

78

The average of two batches of samples is reported.
The average of repeated experiment of the same sample is reported.
The pore size distribution of H-β zeolite and C7H8 SR post-reaction H-β zeolite coated

catalysts (34.3%) were analyzed with Horvath-Kawazoe (HK) method. The isotherms are shown
in Figure 3.2, with the pore size distribution results as inserts. The pore sizes relative to the
selected hydrocarbon reactants of interest are also noted. In Figure 3.2 (A; insert), the pore size of
H-β zeolite is between 0.43-0.57 nm, which is smaller than C7H8 (0.67 nm) and larger than CH4
(0.4 nm). This result confirmed that H-β zeolite should be able to be used for enhance CH4
conversion relative to C7H8 conversion based on size arguments.

Figure 3.2 Isotherms and pore size distributions of pre-reaction H-β zeolite (A) and C7H8 SR
post-reaction H-β zeolite coated composite catalyst (34.3wt% H-β zeolite) (B).

In Figure 3.2 (B), the isotherm and pore size distribution (insert) is shown for the C7H8 SR
post-reaction H-β zeolite coated composite catalyst. After reaction, pore size was found between
0.43-0.57 nm and this result showed pore size did not change during the reactions. The primary
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difference, other than the lower specific surface area, in the composite catalyst compared to the
zeolite alone is the presence of mesopores (indicated by the hysteresis) contributed by the
(Ce,Zr)O2 support. The mesopores in the composite catalyst, but not the zeolite alone, was
confirmed by the BJH pore size analyses. However, these results are not indicative that the core
SR catalyst was completely coated by the zeolite shell.

Figure 3.3 SEM images, (a) and (b) SR catalyst, (c) 14 wt % H-β zeolite coated composite
catalyst and (d) 34.3 wt% H-β zeolite coated composite catalyst surfaces
SEM images of the SR catalyst, 14 wt% and 34.3 wt% H-β zeolite coated composite
catalyst surface SEM images are compared and presented in Figure 3.3. Images (a) and (b) present
the SR core catalyst and images (c) and (d) show the 14 wt% and 34.3 wt% H-β zeolite coated
composite catalyst surfaces, respectively. As it is seen from the Figure 3.3 (c), the 14 wt% H-β
zeolite coated composite catalyst surface is not even, which indicates that this sample is not coated
very well. However, 34.3 wt% H-β zeolite coated composite catalyst shell is very uniform and
homogeneous. This distinction can be seen as color difference in the 14 wt% and 34.3 wt% H-β
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zeolite coated composite catalysts since 34.3 wt% sample’s surface has pure white like H-β
zeolite’s color, 14 wt% sample’s surface has very similar color with SR catalyst.
EDS result (Table 3.2) shows that Mg and Ce core catalyst elements are on the surface of
14 wt% H-β zeolite coated composite catalyst. However, Ce, Mg, Zr and Ni on 34.3 wt% H-β
zeolite coated composite catalyst were not detected. Hence, from SEM images and EDS analyses,
it can be concluded that 34.3 wt% H-β zeolite coated composite catalyst is coated with H-β zeolite,
but 14 wt% sample is either not completely coated or the coating contains some thin areas. Thus,
34.3 wt% H-β zeolite coated composite catalyst was used for the reaction studies.

Table 3.2 EDS results of 14wt% and 34.3wt% H-β zeolite coated composite SR catalysts
Elements
Si
Al Mg Ce Zr Ni Total
(wt%)
14 wt% H-β
2
2
4
100
zeolite coated 92
catalyst
34.3 wt% H-β
3
100
zeolite coated 97
catalyst

3.3.2 Reaction Results
CH4 SR conversions with the SR catalyst (curve (a)), H-β zeolite coated composite catalyst
(curves (b) and (d) of different total catalyst loading), and physically mixed SR and H-β zeolite
catalysts (curves (c) and (e); identical replicate experiments) are presented in Figure 3.4 as a
function of temperature (Example GC peaks and CH4 SR conversion calculation for the sample
34.3 wt% H-β zeolite encapsulated composite catalyst 17.2 mg total catalyst and reaction
temperature is for 800 °C is given in Appendix G). Carbon balances are compiled in Table 3.3 and
indicated that significant coke formation was not occurring due to the high accounting of the
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carbon species. Results showed that the CH4 conversion increased with increasing temperature for
all catalysts. This case was more notable for the uncoated SR catalyst (Figure 3.4 curve (a)) which
is consistent with Weisz-Prater Criterion calculation result as discussed in section 2.3 that showed
that this catalyst was not mass transfer limited and thus Arrhenius-type behavior would be
expected.
Surprisingly, the H-β zeolite shell on the SR catalyst significantly increased the CH4
conversion when comparing the SR catalyst alone (curve (a)) with the composite catalysts (curves
(b) and (d)). Compared to the SR catalyst alone (curve (a)), the composite catalysts are compared
both at the same total catalyst mass (curve (d)) and the same SR catalyst mass (curve (b)). Whereas
it is not surprising that increasing the total catalyst mass of the composite catalyst increased the
conversion (comparison of curves (b) and (d)), both composite catalyst loadings, even the one with
less SR catalyst than the SR catalyst alone, yielded higher CH4 conversion compared to the SR
catalyst alone even though there was no CH4 conversion for the zeolite by itself. Physically mixed
SR and H-β zeolite catalysts were also investigated (curves (c) and (e)). These are replicate
experiments to show the typical reproducibility of the catalyst experiments. The physically mixed
catalysts demonstrated similar (only at highest temperature tested) or higher CH4 conversions
compared to the SR catalyst alone. Also, compared to the composite catalysts, the physically mixed
catalysts possessed lower CH4 conversions. The temperature dependency of every sample
containing (physically mixed and coated) the zeolite demonstrated behavior consistent with
diffusional limitations, which was in agreement with the values of the Weisz-Prater Criterion.
The higher catalytic activity of the catalyst containing zeolite compared to the uncoated SR
catalyst could be explained by three different ways. The first reason could be acidity of H-β zeolite
shell. It is well-known that zeolites present good performance for catalytic cracking due to their
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acidic properties. The higher catalytic activity of H-β zeolite shell is compatible with literature.
Wang et al. studied CH4 SR reaction on HZSM-5 supported Ni catalyst and they observed that
very high CH4 conversion with zeolite supported catalyst

107

. A second reason could be that the

Al3+ interact with active sites of SR catalyst and promote the reaction. Third, the higher activity of
the composite catalysts could be explained by confined reaction effects

12

. A confined reaction

environment would increase reaction intermediates contact time with active metal sites and result
in increased CH4 conversion. The fact that the composite catalyst yielded higher conversions than
the physical mixtures is consistent with a confined reaction effect, as there is less spatial restriction
between the reactants and active sites for the physical mixtures than the composite catalysts. The
Al3+ promotion and zeolite acidity effect would not be the reason by themselves, unless there are
undetectable interactions between the components (beyond just the physical interface; e.g.,
migration of Al) because the physically mixed catalysts have an equivalent area of interaction
between the zeolite and SR catalyst components as the composite catalysts. To further probe these
potential explanations, a physical mixture of SR catalyst and Al2O3 was prepared (instead of H-β
zeolite, compared on same total and component masses as curve (d)) and result is showed in curve
(f). The physical mixture of the SR catalyst with Al2O3 also has higher CH4 conversion than steam
reforming catalyst by itself and similar CH4 conversion with physical mixtures containing the
zeolite. Since this alumina is not microporous and alumina is generally considered to have weaker
acidity than zeolites, this result confirmed that the promotion of the Al+3 ion is one of the factors
contributing the increased activity when comparing the physically mixed catalysts and SR catalyst
by itself. To conclude, the confined reaction effect is proposed to play a large role in the higher
conversion of the composite catalyst compared to both the SR catalyst alone and the physical
mixture of the SR catalyst with various components. The Al+3 promotion plays a key role of the
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physically mixed catalyst, both as compared to the SR catalyst alone. The set of experiments,
including the controls, suggests that both factors play a role in the high conversion of the
composite, layered catalyst.

Figure 3.4 CH4 steam reforming results. (a) Uncoated SR catalyst, (b) 17.2 mg and (d) 11.3 mg
H-β zeolite coated (34.3 wt%) composite catalyst, (c) and (e) Physical mixture catalyst of H-β
zeolite and SR catalyst, (f) Physical mix. catalyst with Al2O3 and SR catalyst.

C7H8 SR was performed as a function of temperature (Figure 3.5) on SR catalyst alone
(curve (a)), H-β zeolite coated composite catalyst (curve (b)), physically mixed SR and H-β zeolite
catalysts (curve (c)) and just H-β zeolite (curve (d)). Again, carbon balances (Table 3.3) indicated
that significant coke formation was not occurring due to the high accounting of the carbon species.

Figure 3.5 C7H8 steam reforming results. (a) Uncoated SR catalyst, (b) 34.3 wt% H-β zeolite
coated composite catalyst, (c) Physical mixture of H-β zeolite and SR catalyst, (d) H-β zeolite.
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As shown in Figure 3.5, the C7H8 SR results followed similar trends with CH4 SR results
except H-β zeolite coated composite catalyst result. The physically mixed catalyst with H-β zeolite
and SR catalyst (curve(c)), which has same amount of SR catalyst with curve (a), has significantly
higher C7H8 conversion due to the reasons that are mentioned above. Moreover, H-β zeolite has
measurable C7H8 conversion, unlike CH4 SR, as can be seen in curve (d). This also contributed to
C7H8 conversion on the physically mixed catalyst reaction. The H-β zeolite coated composite
catalyst (curve (b)) has lower C7H8 conversion than uncoated SR catalyst (curve (a)) unlike CH4
SR due to shape selectivity effect of H-β zeolite. H-β zeolite pores has smaller dimensions than
C7H8 molecular dimension (0.67 nm) and its porous hindered entering and reaching C7H8
molecules to the steam reforming catalyst and reacting on it, partially. However coating SR
catalyst with H-β zeolite reduced the catalytic activity on C7H8 SR, it could not prevent the activity
completely. Although not observed via the characterization, small cracks in the H-β zeolite shell
could be responsible for the presence of this activity. The small cracks could be the result of
imperfect growth, but the grain boundaries due to the inherent polycrystallinity of the zeolite H-β
zeolite shell is also a likely contribution. Most synthetic zeolites are polycrystalline

108

polycrystallinity could cause increased permeability due to defects in intercrystalline spaces

and
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.

Encapsulation with thicker H-β zeolite shell on the SR catalyst could help to reduce the amount of
cracks and thereby could reduce the activity.
While H-β zeolite encapsulated SR catalyst curves are exponential shapes, uncoated and
physically mix catalysts curves are more linear shape in Figure 3.4 and Figure 3.5. This result was
expected due to the internal diffusion limitation in the H-β zeolite coated SR catalysts as indicates
in section 2.3.
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The selectivity of the carbon products of the reactions were calculated to investigate the Hβ zeolite coating effect on carbon product selectivity and results are given in Figure 3.6. CO %
selectivity increases and CO2 % selectivity decreases with increasing temperature for uncoated SR
catalyst in CH4 SR as seen in Figure 3.6 (a). However, CO % selectivity is very high and does not
change much with temperature when H-β zeolite coated on SR catalyst. The reason could be water
gas shift reaction for high CO2 % selectivity when using uncoated SR catalyst. Physical mixture
catalyst indicated CO % selectivity between uncoated and coated SR catalyst’s CO % selectivity
in the CH4 SR reaction. H-β zeolite coated, uncoated SR and physical mixture catalyst’s CO %
selectivity did not change much with temperature and demonstrate very high CO selectivity in
C7H8 SR as seen Figure 3.6 (b).
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(b)
Figure 3.6 % Selectivity of the carbon products of reactions (a) % selectivity
for CH4 SR reaction (b) % selectivity for C7H8 SR reaction. Blue diamond indicates uncoated
SR catalysts, Green quare and red circle indicate 11.3 mg and 17.2 mg H-β zeolite coated
catalysts respectively, orange triangle indicates physical mixture catalysts for both reactions.
Unfilled, filled and filled-black lined markers demonstrate CO, CO2 and
CH4 % selectivity, respectively.
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Table 3.3 CH4 and C7H8 SR reaction carbon balances
CH4 SRR
C7H8 SRR
H-β zeolite coated
Uncoated Steam
H-β zeolite coated SR
Uncoated Steam
SR catalyst
Reforming catalyst
catalyst
Reforming
catalyst
Temp. |%𝐸𝑟𝑟𝑜𝑟| Temp.(°
(°C)
C)
840
1.4
840
820
0.6
820
800
0.5
800
780
1.5
780

|%𝐸𝑟𝑟𝑜𝑟|
4.3
3.4
3.5
3.7

Temp.(°
C)
840
820
800
780
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|%𝐸𝑟𝑟𝑜𝑟| Temp.(°
C)
0.7
840
1.6
820
5.4
800
6.4
780

|%𝐸𝑟𝑟𝑜𝑟|
4.6
2.2
0.7
0.8

CHAPTER 4: EFFECT OF ZEOLITE MEMBRANE SHELL THICKNESS ON
REACTANT SELECTIVITY FOR HYDROCARBON STEAM REFORMING USING
LAYERED CATALYSTS4

4.1 Introduction
Microporous materials are of great industrial importance as catalysts, membranes for
separation, sorbents and ion-exchange materials due to their large surface areas and well defined
pores with molecular dimensions.110-114 Zeolites, which are crystalline aluminosilicate
microporous materials with well-ordered channels, are interesting as selective catalysts because of
their ability to control diffusion among reactants and products (shape selectivity).111, 112, 115-118
Although Barrer 119 first recognized zeolite’s high surface area and molecular dimensions of the
pores and applied them to the separation of linear and branched hydrocarbons in 1940’s, the
concept of “shape-selectivity” was described first by Weisz and Frilette in 1960.120 Shape
selectivity is divided into three groups based on whether pore size limits the entrance of the
reacting molecule (reactant selectivity), the departure of the product molecule (product selectivity),
or the formation of certain transition states (restricted transition state selectivity).11,

121

Shapeselective catalysis can be used to increase yields of preferred products by product selectivity
or tohinder undesirable reactions by reactant selectivity.121, 122 In our prior study, the proficiency

4

Reprinted with permission from U. Cimenler, B. Joseph, and J. N. Kuhn. Effect of Zeolite Membrane
Shell Thickness on Reactant Selectivity for Hydrocarbon Steam Reforming Using Layered
Catalysts. Energy & Fuels (2016). Copyright © 2016, American Chemical Society.
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of a zeolite membrane encapsulation was studied to control the conversion using reactant
selectivity property during steam reforming of various sized hydrocarbon reactants as a way to
prevent potential deactivation by tars in biomass-to-liquid processes.123 An H-β zeolite membrane
(pore size 0.43-0.57 nm) was used to encapsulate the inner SR catalyst since its pores are between
the sizes of CH4 (0.4 nm) and C7H8 (tar model-0.67 nm).124 Results showed that, due to mass
transfer effects, the composite H-β zeolite coated reforming catalyst demonstrated a decrease in
C7H8 conversion and increase in CH4 conversion when compared to the uncoated reforming
catalyst. Although C7H8 conversion decreased when coated with the zeolite membrane, C7H8 was
still converted by 34.3 wt% zeolite coated composite catalyst due to the cracks in the H-β zeolite
membrane formed during the C7H8 SR reaction. The objective of the current study is to examine
if the selectivity can be improved by increasing the shell thickness, which was controlled by
increasing the zeolite amount added. Tsapatsis et al. studied zeolite membrane thickness effect on
separation n-butane (0.43nm) and isobutane (0.55nm) using MFI type zeolite (pore size is 0.55
nm).125 The authors found that increasing zeolite membrane thickness reduces the isobutane flux
through the membrane due to the elimination of defects in the thicker zeolite membranes.
In the current effort, a double coating technique was applied to increase the zeolite loading
(since limitations exist to add 51 wt % zeolite in a single step) and to achieve a thicker zeolite
shell. The 51 wt % H-β zeolite was coated onto an SR a catalyst in two steps and steam reforming
reactions were performed to investigate the zeolite shell thickness on the both CH4 and C7H8
conversions for the composite catalyst. The conversion of hydrocarbons on this catalyst was
compared with the performance of a 34.3 wt % zeolite coated composite catalyst and several
control samples (components individually and their physical mixtures).
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4.2 Experimental
4.2.1 Synthesis
4.2.1.1 Synthesis of H-β Zeolite
The H-β zeolite was synthesized with the method (hydrothermal synthesis) described in
our previous study.124 14.4 g of 25 wt% Tetraethylammonium Hydroxide (TEAOH) in water
(Acros Organics, Inc.), 4.1 g of SiO2 (99.98% pure; CAB-O-SIL M-5, scintillation grade, Acros
Organics, Inc.), 0.3 g of ((CH3)2CHO)3Al (Aluminum iso-propoxide, ≥98% pure; Sigma–Aldrich,
Inc.), and 3.6 g of deionized (DI) water was used to prepare H-β zeolite precursor solution. All
chemicals were mixed under continuous stirring at room temperature for 2 h. The H-β zeolite
precursor solution was added into an autoclave and it was kept at 155°C for 3 days for
crystallization. After that, the solution was centrifuged to separate liquid and solid phases. The
solid part was washed with distilled water until its pH value was less than 8. Then, it was dried at
120°C for 12 h and was calcined at 550 °C for 8 h. (Please see Appendix F for flowchart).
4.2.1.2 Synthesis of 1.6wt% Ni-1.2wt% Mg /Ce0.6Zr0.4O2 Steam Reforming Core Catalyst
To synthesize core SR catalyst 1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2, molar ratio 0.6:0.4,
Cerium-Zirconium oxide support was synthesized first by a co-precipitation method as reported
by Rossignol et al.102 For this, Ce (NO3)3 × 6H2O (99.5% pure metal basis; Alfa Aesar, 6.5 g) and
ZrO(NO3)2 × H2O (99.9% pure metal basis; Alfa Aesar; 2.49 g) were dissolved in DI water and
precipitated by the addition of NH4OH (27%, w/w NH3; Mallinckrodt Chemicals) to form a
hydrous Ce/Zr solution. This mixture was filtered and re-dissolved into a 0.25 M NH4OH solution.
The dilute solution was re-filtered and dried in an oven at 60 °C for 1 h followed by 120 °C
overnight and calcination was performed at 800 °C for 4 h. Ni (1.6% by weight) and Mg (1.2% by
weight) were loaded to the oxide support by wet impregnation (WI) as reported by Walker et al.126
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For the WI method, appropriate amounts of Mg(NO3)2×H2O (99.999% pure metal basis; Alfa
Aesar) and Ni(NO3)2×6H2O (99.9985% pure metal basis; Alfa Aesar) were dissolved in DI water.
This homogeneous solution was added drop wise to the support until incipient wetness and dried
at 120 °C for 2 h. This step was repeated until all of the metal nitrate solution had been added to
the support. Following the final drying step, the catalyst was calcined at 500 °C for 4 h. (Please
see Appendix F for flowchart).
4.2.1.3 Synthesis of H-β Zeolite Coated Composite Steam Reforming Catalyst
The 51 wt % H-β zeolite coated composite SR catalyst was prepared by double physical
coating method by modifying the single physical coating (physically adhesive) method given in
the literature.18, 103 Silica sol (Ludox: 40 wt%, Sigma–Aldrich, Inc.) was used as binder for H-β
zeolite to SR catalyst. Silica sol (3.08 g) was diluted with 1.5 times DI water (4.6 g) by weight.
The encapsulation of the H-β zeolite was performed in two steps. First, 0.52 g SR catalyst was wet
impregnated by spraying the prepared silica sol solution and 0.16 g of the H-β zeolite powder was
mixed with the moistened SR catalyst in a round bottomed flask, and was shook vigorously until
zeolite shell formed. The obtained catalyst was dried at 120°C for 12 h and calcined at 500°C for
3 h. Then, the resulting material was wet impregnated one more time with prepared silica sol
solution and 0.38 g of H-β zeolite powder was mixed with the moistened SR catalyst in a
combustion boat, vigorously and carefully shaken until the formation of second zeolite shell
coating. The obtained catalyst was dried again at 120°C for 12 h and calcined at 500°C for 3 h to
increase the mechanical strength of zeolite shell, which resulted in a 51 wt% of H-β zeolite
encapsulated composite SR catalyst. (Please see Appendix F for flowchart).
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4.2.1.4 Preparation of Physical Mixture Catalyst
The physical mixture of SR and H-β zeolite catalyst was prepared by mechanically mixing
the SR catalyst and H-β zeolite. The mass of H-β zeolite was 51 wt%, a loading that was the same
as for the encapsulated catalyst. To prepare the physical mixture catalyst for CH4 SR reaction 11.3
mg SR catalyst and 12.3 mg H-β zeolite and for C7H8 SR reaction 10.3 mg catalyst and 10.7 mg
H-β zeolite were used. As control experiments to assess the H-β zeolite’s role and space velocity
effects on C7H8 conversion, physical mixture catalysts with SR catalyst/silicon dioxide (SiO2) and
SR catalyst/Silicon Carbide were also prepared instead of using H-β zeolite based on 51 wt% .
4.2.2 Characterization Methods
XRD was conducted using a Bruker AXS XRD equipped with CuK radiation source (0.154
nm) at 40 kV and 40 mA. The machine was operated in a Bragg angle (2θ°) range of 20–90°. The
step size was 0.02 for H- zeolite, 0.004 for SR catalyst. N2 Physisorption experiments were
performed using a Quantachrome Autosorb-iQ to obtain BET surface area, pore volumes, and
Saito and Foley (SF) method for pore size distributions. The samples were outgassed at 200°C
overnight for H-β zeolite and coated composite catalysts and 2 h for SR catalyst prior to N2
physisorption. The morphology of the samples was determined with a Hitachi S-800 SEM
equipped with an Ametek EDAX which provide the information of surface elements (using tilt
angle of 30°). In order to obtain the sample cross-section of the composite catalyst, SPI-Chem
Cold Mount Epoxy Kit was used. To get cross section of the sample first, the resin and hardener
was mixed and epoxy release agent was spread as a thin layer on the edge and the surface of a
mold. Then, samples were placed the bottom of the mold and the mixture was slowly poured over
the samples and allowed to dry about 24 h. After solidification, the resin was removed from the
mold and polished carefully to view the particles cross-section. Finally, samples were coated gold43

palladium with a layer of using a Denton vacuum desk II sputter coater, to make sample conductive
prior to imaging.
4.2.3 Reaction Studies
The reactions were performed using Thermoscientific Thermolyne furnace and a fixed bed
quartz U-tube microreactor (internal diameter of 4 mm). The catalyst was loaded between two
layers of high temperature quartz wool in the U- tube and it was placed into the furnace.
Temperature of the furnace was controlled using a Eurotherm 3110 PID controller. A manifold
that was connected to Alicat Scientific mass flow controllers and two quartz bubblers (toluene and
steam) was used to feed the U-tube reactor. Total flow rate was 75 sccm (0.64% CH4, 0.64% H2O,
98.7% He) for CH4 SR and 32.6 sccm (1% C7H8, 7% H2O, 92% He) C7H8 SR and 32.6 sccm(1%
C7H8, 1.5% CH4, 7% H2O, 90.5% He) for CH4-C7H8 SR reactions together and steady state
experiment. A Perkin Elmer Gas Chromatography (GC) that has Hayesep-D packed column and
thermal conductivity detector (TCD) was used to analyze the effluent gas from reactor. All of the
feed and outlet lines were wrapped with heating tape to prevent condensation prior to entering the
GC. The mass of catalysts for CH4 SR were 23.6 mg H-β zeolite coated SR catalyst (11.3 mg SR
catalyst and 12.3 mg H-β zeolite of 23.6 mg based on 51wt%), 17.2 mg 51 wt% H-β zeolite coated
SR catalyst (to compare the total equal mass of catalyst with 34.3 wt%), 23.6 mg physically mixed
catalysts with H-β zeolite-SR catalyst, SiO2-SR catalyst (11.3 mg SR catalyst and 12.3 mg H-β
zeolite or SiO2 of 23.6 mg based on 51wt%) and 12.3 mg H-β zeolite by itself. The mass of
catalysts for C7H8 SR were 21 mg H-β zeolite coated SR catalyst and physically mixed catalyst
with H-β zeolite, SiO2 or and SiC catalyst (10.3 mg SR catalyst and 10.7 mg H-β zeolite, SiO2 or
SiC of 21 mg based on 51wt %) and 10.7 mg H-β zeolite by itself. CH4-C7H8 SR reaction was
performed for 23.6 mg and 21 mg H-β zeolite coated SR catalyst to analyze CH4 and C7H8
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conversion, respectively in presence of both reactant. Reaction conditions were 780-800-820-840
°C, atmospheric pressure, and stoichiometric feeds (i.e., molar ratio of CH4/H2O= 1 and
C7H8/H2O= 1/7 for the respective reactions). A long term steady-state experiment (10h) was also
conducted utilizing the 23.6 mg 51 wt% H-β zeolite coated composite catalyst and 11.3 mg
uncoated SR catalyst at 800 °C with molar ratio of CH4/C7H8/H2O = 1.44/1/7. Information for the
reactions (reaction type, catalyst composition, catalyst amount) and the notation used for each
catalyst from this point forward is included in Table 4.1.

Table 4.1 Reaction types, catalysts composition and amounts
CH4 Steam Reforming
Total Flow Rate: 75 sccm (0.64%CH4-0.64%H2O-98.7%He)
Catalyst Composition
Notation
Catalyst amount (mg)
Uncoated steam reforming
Uncoated SR
11.3
catalyst:1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2
51wt% zeolite coated composite steam
SR@ β51%
23.6 and 17.2
reforming catalyst
34.3wt% zeolite coated composite steam
SR@ β34.3%
17.2
reforming catalyst
Physical mixture of H-β zeolite/SR catalyst
PM-51%β/SR
23.6 (11.3 mg SR12.3mg H-β zeolite)
Physical mixture of Silicon dioxide/SR
PM-51%
23.6 (11.3 mg SRcatalyst
SiO2/SR
12.3mg SiO2)
H-β zeolite by itself
12.3
C7H8 Steam Reforming
Total Flow Rate: 32.6 sccm (1% C7H8, 7% H2O, 92% He)
Catalyst Composition
Notation
Catalyst amount (mg)
Uncoated steam reforming
Uncoated SR
10.3
catalyst:1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2
51wt% zeolite coated composite steam
SR@ β51%
21
reforming catalyst
34.3wt% zeolite coated composite steam
SR@ β34.3%
15.7
reforming catalyst
Physical mixture of H-β zeolite/SR catalyst
PM-51%β/SR
21 (10.3 mg SR10.7mg H-β zeolite)
Physical mixture of Silicon dioxide/SR
PM-51%
21 (10.3 mg SRcatalyst
SiO2/SR
10.7mg SiO2)
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Table 4.1 (Continued)
Physical mixture of Silicon Carbide/SR
PM-51% SiC/SR
21 (10.3 mg SRcatalyst
10.7mg SiO2)
H-β zeolite by itself (powder)
10.7
H-β zeolite by itself (pellet)
10.7
CH4-C7H8 Steam Reforming
Total Flow Rate: 32.6 sccm (1% C7H8, 1.5% CH4, 7% H2O, 90.5% He)
Catalyst Composition
Notation
Catalyst amount (mg)
51wt% zeolite coated composite steam
SR@ β51%
23.6 and 21
reforming catalyst
CH4-C7H8 Steam Reforming Long Term Steady-State Experiment (10h)
Total Flow Rate: 32.6 sccm (1% C7H8, 1.5% CH4, 7% H2O, 90.5% He)
Catalyst Composition
Notation
Catalyst amount (mg)
51wt% zeolite coated composite steam
SR@ β51%
23.6
reforming catalyst
Uncoated steam reforming
Uncoated SR
11.3
catalyst:1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2

Weight hour space velocity (WHSV) and Gas hourly space velocity (GHSV) were
calculated using the following equations:
WHSV= (
GHSV= (

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑓𝑒𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟
𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑤𝑒𝑖𝑔ℎ𝑡

) = ℎ−1

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑒𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟
𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑣𝑜𝑙𝑢𝑚𝑒

) = ℎ−1

High space velocities were used to keep conversions relatively so that differential rates
could be used in the transport limitation calculations. Reactant selectivity was defined using the
following equation:
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 𝑜𝑓𝐶𝐻4

Reactant Selectivity= (𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒𝑜𝑓 𝐶

7 𝐻8

)

Product selectivity was calculated using the following equation:
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
)∗
∑ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

Selectivity of a product= 𝑆𝑃 = (

100

Weisz-Prater Criterion (for calculation internal diffusion limitations, CWP), Thiele modulus
(Φn) and effectiveness factor (η) were calculated using the following equations:
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CWP=

(−𝑟𝐴𝑜𝑏𝑠 ′)∗𝑞𝑐 ∗𝑅 2
𝐷𝑒 ∗𝐶𝐴𝑠
−𝑟 ′ ∗𝑞𝑐

Φn=𝑅√ 𝐷 𝐴𝑠
∗𝐶
𝑒

𝐴𝑠

3

η=Φn2 (Φcoth(Φ) − 1)
where −𝑟𝐴𝑜𝑏𝑠 ′ is measured values of the rate of reaction, qc is density of solid catalyst, R is radius
of the catalyst particle, De is effective diffusivity, CAs is reactant concentration external to the
pellet.
4.3 Results and Discussion
4.3.1 Catalyst Characterization
XRD was performed to determine whether the zeolite phase was successfully formed in
composite catalysts. The results for uncoated SR catalyst (a), pure H-β zeolite powder (b), SR@
β51% catalyst (c), CH4 and C7H8 SR post reaction SR@ β51% catalyst (d) and (e), respectively
and CH4-C7H8 SR steady-state experiment post reaction SR@ β51% catalyst (f) are shown in
Figure 4.1 with Miller indices as red and black text indicating the SR and H-β zeolite phases,
respectively. The XRD patterns of the SR catalyst (a) and H-β zeolite (b) indicated that H-β zeolite
and SR catalyst were synthesized successfully since their diffraction patterns are consistent with
the literature16, 126,124. The SR@ β51% catalyst profile perfectly matched with the H-β zeolite and
SR catalyst showing that composite catalyst did not change during the preparation process.
XRD patterns of the CH4 and C7H8 SR post-reaction samples corresponded to all H-β
zeolite and SR catalyst diffraction lines indicating the structure of the composite catalysts were
maintained during the reactions. In addition to the CH4 and C7H8 SR post-reaction samples, the
XRD pattern of steady-state post-reaction sample also matched with XRD patterns of the pre-
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reaction composite catalyst which is evidence that the synthesized SR@ β51% catalyst was not
altered under reforming conditions even after 10 h.

Figure 4.1 XRD patterns. (a) SR catalyst, (b) H-β zeolite, (c) SR@ β51%, (d) and (e) CH4 and
C7H8 SR post-reaction sample of SR@ β51%, (f) CH4 and C7H8 SR post reaction steady-state
experiment post-reaction sample of SR@ β51%. Red and black Miller indices indicate SR
catalyst and H-β zeolite phases, respectively.

BET surface areas, total pore volumes, mesopore volumes (BJH method) and micropore
volumes (SF method) of the pre and post-reaction samples and steady-state experiment postreaction sample are listed in Table 4.2. The BET surfaces areas of H-β zeolite and Ce0.6Zr0.4O2
were determined as 722.5 m2/g and 31.8 m2/g which agreed with previously reported values.16, 124,
126

Decreasing surface area of Ce0.6Zr0.4O2 as loading Ni and Mg is due to the pore blocking which

is also good agreement with previous work and the literature123, 126. The specific surface area of
the SR@ β51% catalyst was between the surface areas of the H-β zeolite and SR core catalyst as
expected. BET surface areas and total pore volumes decreased slightly after CH4 and C7H8 SR
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reactions, especially in C7H8 SR reactions. The surface area and pore volume of post-reaction
sample also decreased. The reason for decreasing surface areas and pore volume could be
correlated to slight deactivation at the beginning of the reactions.

Table 4.2 BET surface area and pore volume results
Catalyst
BET Surface Total Pore
Area (m2/g)
Volume
(cm3/g)

a
b

H-Beta Zeolite a

722.5

0.455

Mesopore
Volume (BJH
Method)
(cm3/g)
0.105

Micropore
Volume (SF
Method)
(cm3/g)
0.356

Ce0.6Zr0.4O2

31.8

0.065

0.061

N/A

1.6wt%Ni1.2wt%Mg/Ce0.6Zr0.4O2
Fresh SR@ β51%
sample
SR@ β51%sampleCH4
SR post- reaction

26.3

0.062

0.060

N/A

230.1

0.195

0.098

0.111

203

0.169

0.082

0.096

SR@ β51%sample C7H8
SR post- reaction

139.1

0.140

0.084

0.066

SR@ β51% CH4- C7H8
SR steady-state
experiment test postreaction b

153.2

0.145

0.086

0.070

The average of two batches of samples is reported.
The average of three repeating physisorption experiment on the same sample is reported

As presented in Figure 4.2, the micropore diameter of the SR@ β51% catalyst are similar
between the pre- and post-reaction samples and the micropore size did not change after 10 h TOS
at 800°C. A slight decrease in pore volume after the reaction was consistent with physisorption
analysis results. The micropore size of H-β zeolite alone was also analyzed and yield pore sizes
ranging from 0.48-0.56 nm which is consistent with our previous study and it is smaller than C7H8
diameter (0.67 nm) and larger than CH4 (0.4 nm) diameter.124
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Figure 4.2 Pore size distributions. (a) Pre-reaction SR@ β51%, (b) CH4-C7H8 SR steady-state
experiment post-reaction SR@ β51%.
SEM images of SR@ β51% pre and post-reaction catalysts are shown in Figure 4.3. The
SR@ β51% catalyst demonstrated very uniform and homogeneous shell in Figure 4.3(A), which
help to judge further that the H-β zeolite shell coated successfully. The shell thickness was found
about 139-142 μm from cross-section image of SR@ β51% catalysts in Figure 4.3 (B). SEM
images of CH4 SR post-reaction composite catalysts are given at low magnification and high
magnification in the Figure 4 (C) and (D), respectively. No crack and coke formation were
observed on the CH4 SR post-reaction composite catalysts.
C7H8 SR post-reaction SR@ β51% and SR@ β34.3% catalyst are represented Figure 4.3
(E) and (F), respectively. Although coke formation was not seen on these samples, crack formation
was noted. However, if SR@ β51% and SR@ β34.3% catalyst’s SEM images are compared, crack
formation was significantly reduced for the SR@ β51% catalyst sample due to the additional
zeolite and decreasing the heating ramp rate from 10°C/min to 1°C/min.
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Figure 4.3 SEM images of SR@ β51% catalyst. (A) Pre-reaction sample (B) Cross-section of the
composite catalyst, (C) and (D) CH4 SR post-reaction samples, (E) and (F) C7H8 SR postreaction SR@ β51% and SR@ β34.3% catalyst, respectively.
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Figure 4.4 EDS results. (a) SR@ β51% catalyst, (b) Cross-section of SR@ β51% catalyst.
Elemental composition analysis are averages 2 different spots at the same sample.
The Si/Al ratio of H-β zeolite and SR@ β51% obtained by EDS compared in Table 4.3.

The Si/Al ratio of the composite catalyst surface is 20.5, slightly higher than that of the
fresh H-β zeolite powder’s Si/Al that is 19.7. Here, the increase of Si on the SR@ β51% catalyst
can be explained by the use of silica sol as a binder. From EDS analysis, SEM images, and XRD
patterns, the encapsulation of the core SR catalyst by H-β zeolite was deemed successful.

Table 4.3 Elemental compositions and Si/Al comparison
Elemental Analysis (molar percentages)
Sample
Si
Al
H-β zeolite
SR@ β51%

95.2
95.3

4.84
4.66

Si/Al
19.7
20.5

4.3.2 Reaction Results
CH4 steam reforming was performed on uncoated SR catalyst, SR@ β51% catalyst (with
23.6 mg and 17.2 mg total amount of catalyst), PM-51%β/SR, PM-51%SiO2/SR and the H-β
zeolite alone to compare zeolite amount effect on CH4 conversion and the results are presented in
Figure 4.5 as a function of temperature. In addition, CH4 and C7H8 (together as reactants) steam
reforming was carried out with same temperature (840-780°C) and atmospheric pressure with
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molar ratio of CH4/C7H8/H2O = 1.44/1/7. Our previous work concluded that encapsulating the SR
catalyst with H-β zeolite, CH4 conversion increased due to confinement effect, zeolite acidity effect
and/or Al3+ ion promotion effect.124 When the uncoated SR catalyst (Figure 4.5 (a)) is compared
with SR@ β51% catalyst (Figure 4.5 (c)), the SR@ β51% catalyst has higher CH4 conversion than
uncoated SR catalyst due to the reasons that mentioned above. Increasing the zeolite loading from
34.3wt% to 51 wt%, decreased the CH4 conversion as observed by comparing (Figure 4.5 (b)) and
(Figure 4.5 (c)). However, the conversion on the SR@ β51% catalyst was still higher or similar (at
840ºC) with uncoated SR catalyst (Figure 4.5 (a)). If Figure 4.5 curves (c) and (d) are compared,
the decrease of the total catalyst mass of the composite catalyst decreased the conversion as
expected. If the same total amount of catalysts (17.2 mg) are compared of the SR@ β51% and
SR@ β34.3% in Figure 4.5 curves (b) and (d), the conversion on the SR@ β51% much less than
SR@ β34.3% due to both less SR catalyst in SR@ β51% and higher diffusion limitation on the
SR@ β51% than SR@ 34.3% catalyst. (Propagation of Uncertainty calculation example is given
in Appendix D for CH4 Conversion on 51wt% composite catalyst at 780°C)
PM-51%β/SR (Figure 4.5 (e)) showed less conversion than SR@ β51% catalyst
conversion. The reason for lower conversion on physical mixture sample than composite catalyst
even though both have same amount SR catalyst and H-β zeolite may be the lack of the
confinement effect on physical mixture sample unlike SR@ β51% catalyst. A PM-51%SiO2/SR
was also studied to investigate H-β zeolite effect on CH4 conversion. As in Figure 4.5 (e) and (f),
the PM-51%β/SR sample has higher conversion than PM-51%SiO2/SR sample due to the zeolite
acidity and/or Al3+ promotion to the active sites. CH4 steam reforming was performed on the H-β
zeolite alone with same amount of H-β zeolite on the SR@ β51% catalyst and there was no
methane conversion.
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Simultaneous CH4 and C7H8 steam reforming was also performed on SR@ β51% catalyst
with molar ratio of CH4/C7H8/H2O = 1.44/1/7 to investigate the C7H8 reactant effect on the CH4
conversion and the result is presented on Figure 4.5 (g). CH4 conversion decreased in presence of
C7H8 due to pore blockage by C7H8 (comparison of curves (c) and (g)). This result was compatible
with literature since Baertsch et al. 127 conducted a study to investigate permeation of the various
sized hydrocarbons in MFI-type zeolites membrane and they observed that slowest species
determines the permeation rates in the studies of species permeation. Although a decrease was
seen in CH4 conversion when C7H8 added as reactant, SR@ β51% catalyst demonstrated similar
(at 840°C) or higher CH4 conversions compared to the SR catalyst alone Figure 4.5 (a).

Figure 4.5 CH4 steam reforming results. Conditions were 780-840°C, atmospheric pressure,
molar ratio of CH4/H2O = 1. (a) Uncoated SR catalyst123, (b) 17.2 mg SR@ β34.3% catalyst 124,
(c) 23.6 mg and (d) 17.2 mg SR@ β51% catalyst, (e) PM-51%β/SR catalyst, (f) PM-51%
SiO2/SR catalyst and (g) CH4-C7H8 steam reforming reaction with molar ratio of CH4/C7H8/H2O
= 1.44/1/7.
C7H8 steam reforming reaction was also performed on SR@ β51% catalyst, H-β zeolite as
powder and pellet (with same amount H-β zeolite used in 51 wt% composite catalyst), PM51%β/SR, PM-51%SiO2/SR and PM-51%SiC/SR and the results are represented in Figure 4.6 as
a function of temperature. The previous work showed that 34.3 wt% H-β zeolite coated composite
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catalyst decreased the C7H8 conversion when compared to the uncoated reforming catalyst (Figure
4.6 (a) and (b)).123 The SR@ β51% catalyst (Figure 4.6 (c)) demonstrated less conversion than
SR@ β34.3% (Figure 4.6 (b)), since encapsulation with 51 wt% H-β zeolite on SR catalyst with
two coatings helped to decrease the amount of cracks and increase the shell thickness. The SR@
β51% catalyst yielded similar conversion as to the H-β zeolite powder alone, as it seen in Figure
4.6 (c) and (d). This result indicated that the conversion of the SR@ β51% catalyst was caused by
the H-β zeolite shell. Zeolites are widely used in catalytic cracking processes due to their acidic
properties and H-β zeolite is one of the known acidic zeolites.128, 129 Thus, encapsulation with nonacidic zeolite of similar pore size could help to further decrease the conversion for the composite
catalyst. The PM-51%β/SR catalyst (Figure 4.6 (e)) which has same amount of SR catalyst with
SR@ β51% catalysts has significantly higher C7H8 conversion because the shell was no longer
there to prevent access to the SR catalyst core.
To investigate the surface area effect of the H-β zeolite, C7H8 SR reaction was also
conducted on H-β zeolite pellet (same total amount with H-β zeolite powder). The results
demonstrated that the C7H8 conversion decreased between 2.5-6% (depends on temperature) on
the pellet form of H-β zeolite comparing to the powder form of H-β zeolite since pellet has less
external surface area than the powder.
Combined CH4 and C7H8 steam reforming was also performed on SR@ β51% composite
catalyst with same amount of catalyst that is used to C7H8 steam reforming reaction with molar
ratio of CH4/C7H8/H2O = 1.44/1/7 to examine the CH4 reactant effect on the conversion and the
result is demonstrated on Figure 4.6 (h). C7H8-CH4 SR reaction result in Figure 4.6 (h) presents
very similar result with C7H8 SR reaction result in Figure 4.6 (c) since slowest species (C7H8)
determines the permeation rates as explained above.
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Table 4.4 WHSV and GHSV comparison for C7H8 SR
SAMPLE
WHSV
(h-1)
45.9
SR catalyst
22.5
PM-51%SiO2/SR
22.5
PM-51%β/SR
22.5
PM-51%SiC/SR

GHSV
(h-1)
260000
156000
62400
208000

PM-51% SiO2/SR and PM-51% SiC/SR with same amount and percentages with PM51%β/SR were studied to investigate space velocity effect on C7H8 conversion and the results were
demonstrated in Figure 4.6 (f) and (g), respectively. The weight hourly space velocity (WHSV)
and gas hourly space velocity (GHSV) of the physical mixture samples and SR catalyst by itself
for C7H8 SR reaction are compiled in Table 4.4. Since the WHSV were calculated on bed mass,
the values represent the same mass of reforming catalyst (see Table 4.1). Of the 3 physical mixtures
(Figure 4.6 (e), (f) and (g)), there is a trend that the conversion is inversely correlated to the GHSV.
This result suggested that mass transfer limitations contribute to these differences. In addition, the
findings confirmed that H-β zeolite improved the reforming conversion by its acidity and/or Al3+
promotion, which could include solid-state reactions between components at high temperatures.
In addition, SiC is a common diluent for catalytic beds due to its inertness and high thermal
conductivity. With its physical mixture yielding the lowest conversion and the endothermic
reaction, it seems thermal gradients in the catalyst bed are not forming. C7H8 steam reforming
reaction was also performed on SiO2 and SiC by itself (using 10.7 mg) and with blank reactor
(with a piece of quartz wool). Less than 1% conversion was seen on blank reactor and SiC and
1.08% conversion on SiO2 at the 840 °C. Thus, contributions of these diluents to the conversion
were minimal.
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Figure 4.6 C7H8 steam reforming results. Reaction conditions were 780-840°C, atmospheric
pressure, molar ratio of C7H8/H2O=1/7. (a) Uncoated SR catalyst124, (b) 34.3 wt% H-β zeolite
coated composite catalyst124, (c) SR@ β51% catalyst, (d) H-β zeolite, (e) PM-51%β/SR catalyst,
(f) PM-51%SiO2/SR catalyst (g) PM-51%SiC/SR catalyst and (h) CH4-C7H8 steam reforming
reaction on SR@ β51% with molar ratio of CH4/C7H8/H2O = 1.44/1/7.

Figure 4.7 Product selectivity of the carbon product of CH4 and C7H8 SR, (a) selectivity for CH4
SR (b) selectivity for C7H8 SR. Grey square indicates SR@ β51%, orange diamond indicates
PM-51%β/SR catalyst and green circle indicates CH4-C7H8 steam reforming reaction on SR@
β51%. Unfilled, filled and filled-black-lined markers demonstrates CO, CO2 and CH4 %
selectivity, respectively.

The product selectivity was calculated for carbon species as defined in section 3.2.3 for
CH4 and C7H8 steam reforming and the results were demonstrated in Figure 4.7 (a) and (b),
respectively. The product selectivity results showed that the primarily product of the reaction was
CO. This results is expected since the reaction was conducted with or near stoichiometric feeds.
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Reactant selectivity was defined as the ratio of moles of methane converted to the moles
of toluene converted. According to this definition, reactant selectivity was calculated for the
uncoated SR catalyst, SR@ β34.3% and SR@ β51% catalysts to understand the zeolite membrane
thickness effect on reactant selectivity and results were given in Figure 4.8. The reactant selectivity
increased with increasing zeolite content because the zeolite shell hampered the C7H8 conversion
rate more than the of CH4 conversion rate. As discussed in section 3.3.3, this effect is caused by
increased diffusion limitation with increasing zeolite shell thickness. The reactant selectivity
decreased with increasing temperature due to the differences in activation energies limiting process
(diffusion of reactants as discussed in section 3.3.3). The activation energy of toluene diffusion
would be expected to be higher than that of methane, which makes the denominator of the reactant
selectivity more sensitive to temperature than the numerator.

Figure 4.8 Reactant selectivity change with zeolite content and temperature

Long-term lab scale experiments (Figure 4.9) were conducted utilizing the uncoated SR
and SR@ β51% catalysts at 800 °C and time on stream was 10 h with molar ratio of CH4/C7H8/H2O
= 1.44/1/7. The result indicated that while uncoated SR catalyst deactivated, SR@ β51% remained
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stable for 10 h ((Figure 4.9 (a)) although a slight decrease of CH4 conversion occurred at the
beginning. The SR@ β51catalyst also showed constant C7H8 conversion (Figure 4.9 b) for 10 h.

Figure 4.9 Simultaneous CH4 and C7H8 steam reforming for SR@ β51% and uncoated SR
catalysts. (a) CH4 steam conversion with TOS and (b) C7H8 conversion with TOS.

4.3.3 Analyses of Internal Diffusion Limitations
Weisz-Prater Criteria, Thiele Moduli, and effectiveness factors were calculated for CH4
and C7H8 SR on the SR@ β34.3% and SR@ β51% catalysts to examine the effect of internal
diffusion limitations (Table 4.5). Effective diffusivities for CH4 and C7H8 in the zeolite were taken
from literature for respective temperatures of 250 K (for CH4) and 320 K (for C7H8)

130, 131

and

these values were corrected to the 1073 K (800°C) using a 3/2 power temperature dependency as
suggested by Hirschfelder.132 Reaction kinetics were assumed as first-order with respect to CH4
and C7H8.133, 134 Diffusional limitations were imposed by the H-β zeolite coating to all catalysts
according to the Weisz-Prater Criteria since the all values found as bigger than 1. There were no
diffusion limitations for uncoated SR since Weisz-Prater Criteria was found smaller than 1 in
previous study .123 Additionally, Thiele Modulus results showed that reactions were performed in
the diffusion limited regimes since Φn2 >1 for all reactions. If effectiveness factors of SR@ β34.3%
and SR@ β51% catalysts are compared, the SR@ β51% catalyst has smaller values which
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indicates that coating thicker zeolites increased diffusion limitation, which is compatible with
reaction results. All of these analyses indicate that, while both CH4 and C7H8 are under internal
mass transfer limitations, the effect is much more severe for C7H8 due to the lower effective
diffusion coefficient resulting from its larger size. Because of its small molecular size, the shell
does not significant retard the transport of CH4, which is consistent with the zeolite shell being
approximately 10% of the pellet radius. For C7H8 SR, the reaction conversion by the core catalyst
is under severe internal mass transfer limitations. However, the overall composite catalyst still has
slight conversion because the zeolite shell was able to convert C7H8, as noted in the control
experiment of the zeolite alone.

Table 4.5 Analysis of internal diffusion limitations
Sample Reaction
Internal
Thiele
Effectiveness
diffusion Modulus
Factor (η)
limitation
(Φn)
(Cwp,
WeiszPrater
Criteria)
179>1
13.4
0.21
34wt% CH4 SR
187>1
13.7
0.20
51 wt %
2616
0.00115
34wt% C7H8 SR 9.8*105>>1
1.4*106>>1
3110
0.00096
51 wt %
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Shell
Thickness,
(μm)

Radius of
the
composite
catalyst,
R
(m)

95
142
95
142

7.3*10-4
1.29*10-3
7.3*10-4
1.29*10-3

CHAPTER 5: HYDROCARBON STEAM REFORMING USING SILICALITE-1
ZEOLITE ENCAPSULATED NI-BASED CATALYST5

5.1 Introduction
Because of its attractive properties (molecular sieving behavior, high hydrothermal
stability etc.), zeolite membranes have been prepared and studied recent years in several
applications including gas separations, membrane reactors, and micro-reactors.135-137 Core-shell
architecture membrane micro-reactors, which consists of an inner particle encapsulated inside with
a zeolite membrane, have attracted significant interest because of its promising applications in
heterogeneous catalysis.138 Two types of zeolite membrane have been reported based on the zeolite
membrane function in the reaction unit: inert and active zeolite membranes.139 The active zeolite
membrane reactors shows catalytic activity with separation process in a catalytic zeolite membrane
layer. However, in the inert zeolite membrane reactors, the zeolite membrane only demonstrates
the separation function without catalytic activity. The applications of inert zeolite membrane
reactors consist of delivering a reactant to increase reactant selectivity or removing a product to
enhance conversion in equilibrium-limited reactions.140 In prior work, we studied the ability of a
zeolite membrane encapsulation to control the conversion using reactant selectivity property
during steam reforming of various sized reactants as a way to prevent potential deactivation by
tars in biomass-to-liquidprocesses.123, 141 An H-β zeolite membrane (pore size 0.43-0.57 nm) was

5
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used to encapsulate the inner SR catalyst since its pores are between the sizes of CH4 (0.4 nm) and
C7H8 (tar model;0.67 nm)124, 141. The mass transfer limitations imposed by the zeolite membrane
led to the coated reforming catalyst to achieving higher reactant selectivity (ratio of CH4
conversion to C7H8 conversion) when compared to the uncoated reforming catalyst. As expected,
this selectivity effect was magnified as the thickness of the coating increased. However, the results
showed that the H-β zeolite alone had some activity, possibly due to its acidity nature.124, 141 It is
well-known that most of zeolites present good performance as catalyst due to their acidic
properties142 and therefore are used in applications such as fluidized catalytic cracking (Y and
USY)143, hydrocracking (Y)144, 145 and toluene disproportionation.146 Therefore, encapsulation
with a non-acidic zeolite on the SR catalyst with the same thickness that used previous study may
help to reduce activity on the tar reforming. Thus, in this study, a 1.6wt% Ni-1.2wt% Mg
/Ce0.6Zr0.4O2 steam reforming catalyst was encapsulated with a Silicalite-1 zeolite to investigate
the zeolite acidity effect on both CH4 and C7H8 conversions for the composite catalyst. Silicalite1 was chosen to encapsulate SR catalyst since it is a non-acidic zeolite, it does not contain Al3+
ions, and it is the prototype of shape-selective zeolite.147,148
5.2 Experimental
5.2.1 Synthesis
5.2.1.1 Synthesis of Silicalite-1 Zeolite
The Silicalite-1 zeolite was synthesized with the hydrothermal synthesis method as stated
by Li et al.149 3.04 g of SiO2 (99.98% pure; CAB-O-SIL M-5, scintillation grade, Acros Organics,
Inc.), 3.07g Tetra-n-propylammonium Hydroxide (TPAOH, 40% w/w aq. Soln.; Alfa Aesar),
36.86g Ethyl Alcohol (>99.5% pure; Sigma–Aldrich, Inc.) and 216.18 g of deionized (DI) water
was used to prepare Silicalite-1 precursor solution. All chemicals were mixed under continuous
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stirring at room temperature for 90 min. The Silicalite-1 zeolite precursor solution was added into
an autoclave and it was kept at 180°C for 2 days for crystallization. After that, the solution was
centrifuged to separate liquid and solid phases. The solid part was washed with distilled water until
its pH value was less than 8. Then, it was dried at 120°C for 12 h and was calcined at 550 °C for
10 h. (Please see Appendix F for flowchart).
5.2.1.2 Synthesis of 1.6wt% Ni-1.2wt% Mg /Ce0.6Zr0.4O2 Steam Reforming Core Catalyst
To synthesize core SR catalyst 1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2, molar ratio 0.6:0.4
Cerium-Zirconium oxide support was synthesized first by a co-precipitation method as reported
by Rossignol et al.102 For this, Ce (NO3)3 × 6H2O (99.5% pure metal basis; Alfa Aesar, 6.5 g) and
ZrO(NO3)2 × H2O (99.9% pure metal basis; Alfa Aesar; 2.49 g) were dissolved in DI water and
precipitated by the addition of NH4OH (27%, w/w NH3; Mallinckrodt Chemicals) to form a
hydrous Ce/Zr solution. This mixture was filtered and re-dispersed into a 0.25 M NH4OH solution.
The dilute solution was re-filtered and dried in an oven at 60 °C for 1 h followed by 120 °C
overnight and calcination was performed at 800 °C for 4 h. Ni (1.6% by weight) and Mg (1.2% by
weight) were loaded to the oxide support by wet impregnation (WI) as reported by Walker et al.126
For the WI method, appropriate amounts of Mg(NO3)2×H2O (99.999% pure metal basis; Alfa
Aesar) and Ni(NO3)2×6H2O (99.9985% pure metal basis; Alfa Aesar) were dissolved in DI water.
This homogeneous solution was added drop wise to the support until incipient wetness and dried
at 120 °C for 2 h. This step was repeated until all of the metal nitrate solution had been added to
the support. Following the final drying step, the catalyst was calcined at 500 °C for 4 h. This
catalyst is denoted as “uncoated SR” in the next sections. (Please see Appendix F for flowchart).
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5.2.1.3 Synthesis of Silicalite-1 Zeolite Coated Composite Steam Reforming Catalyst
51 wt % Silicalite-1 zeolite coated composite SR catalyst was prepared by double physical
coating method by modifying the method which is called physical coating (physically adhesive)
method given in the literature.18, 103 For this method, silica sol (Ludox: 40 wt%, Sigma–Aldrich,
Inc.) was used as binder for Silicalite-1 to SR catalyst. 3.08 g of silica sol was diluted with 1.5
times DI water (4.6 g) by weight. The encapsulation with the Silicalite-1 zeolite was performed in
two steps. First, SR catalyst (0.52 g) was wet impregnated by spraying the prepared silica sol
solution and Silicalite-1 (0.27 g) powder was mixed with the moistened SR catalyst in a round
bottomed flask, which was followed by vigorously shaking until the formation of zeolite shell
coating on the surface of core catalyst. The obtained catalyst was dried at 120°C for 12 h and
calcined at 500°C for 3 h. Then, the resulting material was wet impregnated one more time with
prepared silica sol solution and Silicalite-1 zeolite (0.27 g) powder was mixed with the moistened
SR catalyst in a combustion boat, vigorously and carefully shaken until the formation of second
zeolite shell coating. The obtained catalyst was dried again at 120°C for 12 h and calcined at 500°C
for 3 h to increase the mechanical strength of zeolite shell, which resulted in a 51 wt% of Silicalite1 zeolite encapsulated composite SR catalyst. This catalyst is denoted as “SR@ Sil51%” and 51
wt % H-β zeolite coated composite SR that was synthesized previous study is denoted as “SR@
β51% “in the next sections when reaction results are compared. (Please see Appendix F for
flowchart).
5.2.1.4 Preparation of Physical Mixture Catalyst
The physical mixture of SR and Silicalite-1 zeolite catalyst was prepared by mechanically
mixing the SR catalyst and Silicalite-1 zeolite. The mass of Silicalite-1 zeolite was 51 wt%, a
loading that was the same as for the encapsulated catalyst. To prepare the physical mixture catalyst
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for CH4 SR reaction 11.3 mg SR catalyst and 12.3 mg Silicalite-1 zeolite and for C7H8 SR reaction
10.3 mg catalyst and 10.7 mg Silicalite-1 zeolite were used. The physical mixture of SR and
Silicalite-1 zeolite catalyst is denoted as “PM-51%Sil/SR” in the next sections.
5.2.2 Characterization Methods
XRD was conducted using a Bruker AXS XRD equipped with CuK radiation source (0.154
nm) at 40 kV and 40 mA. The machine was operated in a Bragg angle (2θ°) range of 20–90°. The
step size was 0.02 for Silicalite-1 zeolite, 0.004 for SR catalyst. N2 Physisorption experiments
were performed using a Quantachrome Autosorb-iQ to obtain BET surface area, pore volumes,
and Saito and Foley (SF) method for pore size distributions. The samples were outgassed at 200°C
overnight for Silicalite-1 zeolite and coated composite catalysts and 2 h for SR catalyst prior to N2
physisorption. The morphology of the samples was determined with a Hitachi S-800 SEM
equipped with an Ametek EDAX which provide the information of surface elements (using tilt
angle of 30°). To obtain cross section of the sample epoxy was used. After solidification of the
epoxy, it was sanded and polished carefully to view the particles cross-section. Finally, samples
were coated gold-palladium with a layer of using a Denton vacuum desk II sputter coater, to make
sample conductive prior to imaging.
5.2.3 Reaction Studies
The reactions were carried out using Thermoscientific Thermolyne furnace and a fixed bed
quartz U-tube microreactor (internal diameter of 4 mm). The catalyst was loaded between two
layers of high temperature quartz wool in the U- tube and it was placed into the furnace.
Temperature of the furnace was controlled using a Eurotherm 3110 PID controller. A manifold
that was connected to Alicat Scientific mass flow controllers and two quartz bubblers (toluene and
steam) was used to feed the U-tube reactor. Total flow rate was 75 sccm (0.64% CH4, 0.64% H2O,
65

98.7% He) for CH4 SR and 32.6 sccm (1% C7H8, 7% H2O, 92% He) C7H8 SR and 32.6 sccm (1%
C7H8, 1.5% CH4, 7% H2O, 90.5% He) for CH4-C7H8 SR and for a 10-hr time on stream experiment.
A Perkin Elmer Gas Chromatography (GC) that has Hayesep-D packed column and thermal
conductivity detector (TCD) was used to analyze the effluent gas from reactor. The mass of
catalysts for CH4 SR were 23.6 mg Silicalite-1 zeolite coated SR catalyst (11.3 mg SR catalyst and
12.3 mg Silicalite-1 zeolite of 23.6 mg based on 51wt%), 23.6 mg physically mixed catalysts with
Silicalite-1 zeolite -SR catalyst, (11.3 mg SR catalyst and 12.3 mg Silicalite-1 zeolite of 23.6 mg
based on 51wt%) and 12.3 mg Silicalite-1 zeolite by itself. The mass of catalysts for C7H8 SR were
21 mg Silicalite-1 zeolite coated SR catalyst and physically mixed catalyst with Silicalite-1 zeolite,
(10.3 mg SR catalyst and 10.7 mg Silicalite-1 zeolite of 21 mg based on 51wt %) and 10.7 mg
Silicalite-1 zeolite by itself. The reaction types, notations for the catalysts, and compositionsamount of the catalysts that used in the reactions is given in Appendix B Table B1. Reaction
conditions were 780-800-820-840 °C, atmospheric pressure, and stoichiometric feeds (i.e., molar
ratio of CH4/H2O= 1 and C7H8/H2O= 1/7 for the respective reactions). A 10-hr time on stream
experiment was also conducted utilizing the 23.6 mg 51 wt% Silicalite-1 zeolite coated composite
catalyst at 800 °C with molar ratio of CH4/C7H8/H2O = 1.44/1/7.
The reaction procedure was same for both the CH4 and C7H8 SR reactions. The catalyst
was heated (with a ramp rate 1°C/min) to 800 °C and then reduced with 5% H2/He (50 sccm total
flow) gas flow for 2 h. Then, the temperature was increased to the highest reaction temperature
and reaction was started. Typical time-on-stream (TOS) was 1 h for each temperature for both
reactions (CH4 and C7H8 reforming experiments).
Product selectivity was calculated using the following equation:
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
)∗
∑ 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

Selectivity of a product= 𝑆𝑃 = (
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100

Weisz-Prater Criterion (for calculation internal diffusion limitations, CWP), Thiele modulus
(Φn) and effectiveness factor (η) were calculated using the following equations:
CWP=

(−𝑟𝐴𝑜𝑏𝑠 ′)∗𝑞𝑐 ∗𝑅 2
𝐷𝑒 ∗𝐶𝐴𝑠
−𝑟 ′ ∗𝑞𝑐

Φn=𝑅√ 𝐷 𝐴𝑠
∗𝐶
𝑒

𝐴𝑠

3

η=Φn2 (Φcoth(Φ) − 1)
where −𝑟𝐴𝑜𝑏𝑠 ′ is measured values of the rate of reaction, qc is density of solid catalyst, R is radius
of the catalyst particle, De is effective diffusivity, CAs is reactant concentration external to the
pellet.
5.3 Results and Discussion
5.3.1 Catalyst Characterization
XRD was carried out to confirm whether the zeolite phase was successfully formed in the
composite catalysts. The results for fresh SR@ Sil51% catalyst (a) and 10-hr time on stream
experiment post-reaction composite SR@ Sil51% catalyst (b) shown in Figure 5.1 with Miller
indices as red and black text demonstrating the SR and Silicalite-1 zeolite phases, respectively.
The results for Ce-Zr catalyst (a) uncoated SR catalyst (b), pure Silicalite-1 zeolite powder (c),
CH4 SR post-reaction catalyst (d), and C7H8 SR post-reaction SR@ Sil51% catalyst (e) are given
in the Appendix B Figure B2 (please see appendices). Diffraction lines were almost identical with
the Ce0.6Zr0.4O2 support (a) and SR catalyst (b) due to loaded Ni and Mg that prevented their
detection. The XRD patterns of the Silicalite-1 zeolite (c) indicated that Silicalite-1 zeolite was
synthesized successfully since its diffraction patterns are consistent with the literature.150-152 The
SR@ Sil51% catalyst profile perfectly matched with the Silicalite-1 zeolite and SR catalyst
showing that composite catalyst did not change during the preparation process.
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XRD patterns of the CH4 and C7H8 SR post-reaction samples corresponded to all Silicalite1 zeolite and SR catalyst diffraction lines indicating the structure of the composite catalysts were
maintained during the reactions. Furthermore, the XRD pattern of 10-hr time on stream experiment
post-reaction composite SR@ Sil51% catalyst also matched with XRD patterns of the pre-reaction
composite catalyst which is evidence that the synthesized SR@ Sil51% catalyst was not changed
under reforming conditions after 10 hr, as shown in Figure 5.1.

Figure 5.1 XRD patterns of the fresh and 10-hr time on stream post-reaction SR@ Sil51%
catalysts. Red and black Miller indices indicate SR catalyst and Silicalite-1 zeolite phases,
respectively.

BET surface areas, total pore volumes, mesopore volumes (BJH method) and micropore
volumes (SF method) of the pre and post-reaction samples and 10-hr time on stream experiment
post-reaction catalyst are demonstrated in Table 5.1. The BET surfaces areas of Silicalite-1 zeolite
was determined as 361 m2/g, which is comparable with literature153. The specific surface area of
the SR@ Sil51% catalyst was found as 162 m2/g that was between the surface areas of the
Silicalite-1 zeolite and SR core catalyst, expectedly. BET surface areas did not change after CH4
and C7H8 SR reactions.
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Table 5.1 BET surface area and pore volume results
Catalyst
BET
Total Pore
Surface
Volume
2

(cm /g)

Mesopore
Volume (BJH
Method)

(cm /g)
0.172

3

Area (m /g)

3

Micropore
Volume (SF
Method)
3

Silicalite-1 Zeolite

361

0.179

(cm /g)
0.004

Ce0.6Zr0.4O2

31.8

0.065

0.061

N/A

1.6wt%Ni1.2wt%Mg/Ce0.6Zr0.4O2
Fresh SR@ Sil51%
sample
SR@ Sil51% sample
CH4 SR post-reaction
SR@ Sil51% sample
CH4 SR post-reaction

26.3

0.062

0.060

N/A

162

0.179

0.106

0.070

162

0.148

0.076

0.073

162

0.145

0.065

0.072

As presented in Figure 5.2, the micropore diameter of the SR@ Sil51% catalyst are similar
between the pre- and post-reaction samples and the micropore size did not change during CH4 SR
reaction. A slight decrease in pore volume after the reaction was consistent with physisorption
analysis results. The micropore size of Silicalite-1 zeolite alone was also analyzed and it gave a
peak at 0.48 nm that is smaller than C7H8 diameter (0.67 nm) and larger than CH4 (0.4 nm)
diameter.

Figure 5.2 Pore size distribution. (a) Fresh SR@ Sil51% sample (b) CH4 SR post-reaction SR@
Sil51%.
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Figure 5.3 SEM images of SR@Sil51% catalyst. (A) Pre-reaction sample (B) Cross-section of
the composite catalyst (C) CH4 SR post-reaction sample, (D) C7H8 SR post-reaction sample and
(E) and (F) CH4-C7H8 SR 10-hr time on stream experiment post-reaction sample

SEM images of SR@ Sil51% pre and post-reaction catalysts are shown in Figure 5.3. The
fresh SR@ Sil51% catalyst demonstrated very uniform and homogeneous shell in Figure 5.3 (A),
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which showed the Silicalite-1 zeolite shell coated successfully. The shell thickness was found
about 97-158 μm from cross-section image of SR@ Sil51% catalysts in Figure 5.3 (B). SEM
images of CH4 SR post-reaction composite catalyst (Figure 5.3 (C)) indicated no crack and coke
formation on the CH4 SR post-reaction composite catalysts. Some crack formation was noted on
the C7H8 SR post-reaction SR@ Sil51% catalyst (Figure 5.3 (D)) and 10-hr time on stream
experiment post-reaction sample (Figure 5.3 (E and F)) although coke formation was not seen on
this sample.
EDS analysis was conducted to analyze the elemental composition of SR@ Sil51% prereaction catalyst and 10-hr time on stream experiment post-reaction sample and the results are
shown in Figure 5.4, with weight and atomic percentages of elements as inserts. From the EDS
spectrum of SR@ Sil51% catalyst (Figure 5.4 (a)), the SR core catalyst elements (Ni, Mg, Ce and
Zr) were not detected on the surface of the composite catalyst which showed the encapsulation of
the core SR catalyst by Silicalite-1 zeolite was presumed successful. The EDS spectrum of 10-hr
time on stream experiment post-reaction sample (Figure 5.4 (b)) indicated that the zeolite
membrane was not destroyed after the 10-hr time on stream experiment since SR core catalyst
elements were not detected on the surface of the composite catalyst. From the cross-section EDS
spectrum (Table 5.2), all the SR core catalyst elements and Silicalite-1 zeolite element (just Si)
was detected.
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Figure 5.4 EDS results. (a) Fresh SR@ Sil51% catalyst, (b) 10-hr time on stream experiment on
SR@ Sil51% catalyst

Table 5.2 The elemental composition via EDS of the cross section of SR@ Sil51% catalyst
Wt% (*)
At% (*)
0.4
2.45
MgK
23.06
55.01
SiK
18.65
13.74
ZrL
55.45
26.55
CeL
2.01
2.25
NiK
100
100
Total
(*)Elemental composition analysis are averages 2 different spots at the same sample.

5.3.2 Reaction Results
The CH4 steam reforming results on uncoated SR catalyst (a), SR@ β51% catalyst (b),
SR@ Sil51% catalyst (c), and PM-51%Sil/SR (d) are shown in Figure 5.5 to compare the zeolite
acidity effect. CH4 steam reforming was also performed on the Silicalite-1 zeolite alone (with a
same amount Silicalite-1 on the SR@ Sil51% catalyst) but no conversion was observed. Our
previous work concluded that, when encapsulating the SR catalyst with H-β zeolite, CH4
conversion increased due to confinement, zeolite acidity , and/or Al3+ ion promotion effects.124 If
the uncoated SR catalyst (Figure 5.5 (a)) is compared with SR@ β51% catalyst (Figure 5.5 (b)),
the SR@ β51% catalyst has higher CH4 conversion than uncoated SR catalyst. If the uncoated SR
catalyst (Figure 5.5 (a)) is compared with SR@ Sil51% catalyst (Figure 5.5 (c)), the SR@ Sil51%
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catalyst has also higher CH4 conversion than uncoated SR catalyst. When SR@ Sil51% catalyst
(Figure 5.5 (c)) is compared with SR@ β51% catalyst (Figure 5.5 (b)), SR@ Sil51% catalyst has
less conversion than SR@ β51% catalyst since the SR@ Sil51% catalyst non-acidic zeolite and
there is no Al3+. These results all agreed with the confinement, zeolite acidity, and/or Al 3+ ion
promotion effects as reasons for the enhanced methane conversion. PM-51%Sil/SR (Figure 5.5
(d)) demonstrated less conversion than SR@ Sil51% catalyst. The factor for lower conversion on
physical mixture sample than composite catalyst could be the lack of the confinement effect on
PM-51%Sil/SR catalyst.

Figure 5.5 CH4 steam reforming results. (a) Uncoated SR catalyst, (b) SR@ β51% catalyst,(c)
SR@ Sil51% catalyst, (d) PM-51% Sil/SR catalyst. Conditions were 780-840°C, atmospheric
pressure, molar ratio of CH4/H2O = 1.
The C7H8 steam reforming results on uncoated SR catalyst (a), SR@ β51% catalyst (b),
SR@ Sil51% catalyst (c), PM-51%Sil/SR (d), and just Silicalite-1 zeolite (e) are shown in Figure
5.6 to compare the effect of zeolite acidity on C7H8 conversion. Our previous work showed that
SR@ β51% catalyst demonstrated almost the same conversion with just H-β zeolite, resulting in
the conclusion that zeolite acidity had effect on the C7H8 conversion.124 If composite catalysts
(Figure 5.6 (b) and (c)) are compared with SR core (Figure 5.6 (a)) and PM-51%Sil/SR catalysts
(Figure 5.6 (d)), the SR core catalyst and PM-51%Sil/SR catalyst showed higher conversion and
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more exponential behavior than the composite catalysts due to the diffusion limitation on the
zeolite membrane shells. SR@ Sil51% catalyst (Figure 5.6 (c)) yielded less conversion than SR@
β51% catalyst (Figure 5.6 (b)) since silicalite-1 zeolite membrane shell non-acidic and unlike H-β
zeolite membrane shell it is not playing role of the C7H8 conversion.
Since the Silicalite-1 zeolite by itself (Figure 5.6 (e)) yielded lower C7H8 conversion than
SR@ Sil51% catalyst, C7H8 likely was able to diffuse, possibly through cracks or grain boundaries
of the Silicalite-1 shell, to the SR core.

Figure 5.6 C7H8 steam reforming results. (a) Uncoated SR catalyst, (b) SR@ β51% catalyst, (c)
SR@ Sil51% catalyst, (d) PM-51% Sil/SR catalyst (e) Silicalite-1 powder. Conditions were 780840°C, atmospheric pressure, molar ratio of C7H8/H2O=1/7.
The product selectivity was calculated for carbon species as defined in the “Reaction
Studies” Section for CH4 and C7H8 steam reforming and the results were demonstrated in Table
5.3 and Table 5.4 for PM-51%Sil/SR and SR@ Sil51%, respectively. The primary product of the
reaction was found as CO which is expected result since the reaction was conducted with or near
stoichiometric feeds.
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Table 5.3 Product selectivity of the carbon product of CH4 and C7H8 SR on PM-51%Sil/SR
CH4 SR
C7H8 SR
780
800
820
840
780
800
820 840
(°C) (°C)
(°C)
(°C)
(°C)
(°C) (°C) (°C)
100
100
100
100
97.1
99.2 97.1 97.5
CO
0
0
0
0
2.9
0.4
1.9
1.2
CO2
0
0.4
1.0
1.2
CH4

Table 5.4 Product selectivity of the carbon product of CH4 and C7H8 SR on SR@ Sil51%
CH4 SR
C7H8 SR
780 800
820
840
780
800 820
840
(°C) (°C) (°C) (°C) (°C)
(°C) (°C) (°C)
100 100
100
100
100
100 99.7 97.1
CO
0
0
0
0
0
0
0
0
CO2
0
0
0.3
2.9
CH4

A 10-hr time on stream experiment (Figure 5.7) were performed on SR@ Sil51% catalyst
at 800 °C with molar ratio of CH4/C7H8/H2O = 1.44/1/7 and the results compared with the identical
experiment results on the uncoated SR. The results demonstrated that while uncoated SR catalyst
deactivated, SR@ Sil51% remained stable for 10 h ((Figure 5.7 (a)).

Figure 5.7 Simultaneous CH4 and C7H8 steam reforming for SR@ Sil51% and uncoated SR
catalysts. (a) CH4 steam conversion with TOS and (b) C7H8 conversion with TOS.
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The SR@ Sil51 catalyst also showed constant C7H8 conversion ((Figure 5.7 (b)) for 10 h.
(The results for repeated experiment for simultaneous CH4 and C7H8 steam reforming on SR@
Sil51% under the same condition with another batch of catalyst that synthesized same way is given
in Appendix B Figure B2.)
5.3.3 Analyses of Internal Diffusion Limitations
Weisz−Prater criteria, Thiele moduli, and effectiveness factors were calculated for CH4
and C7H8 SR on the SR@ Sil51% catalyst using the equations given in “Reaction Studies” Section
to analyze the effect of internal diffusion limitations and the results demonstrated in Table 5.5
(Values that were used in the calculations of Weisz−Prater criteria, Thiele moduli, and
effectiveness factors are given in Appendix B Table B2). Reactions were assumed as first order
kinetic with respect to CH4 and C7H8.133, 134, 141 Effective diffusivities for CH4 and C7H8 in the
zeolite were taken from the literature 130, 131 and these values were corrected to 800 °C using a 3/2
power temperature dependency as proposed by Hirschfelder et al 132 (Calculation detail is given
Appendix C). Diffusional limitations were found on the SR@ Sil51% catalyst for CH4 and C7H8
SR since Weisz−Prater criteria values were bigger than 1. Thiele modulus and effectiveness factors
results also indicated that reactions were performed in the diffusion-limited regimes since Φn > 1
for all reactions. However, the effect is much more severe for C7H8 as a result of the lower effective
diffusion coefficient resulting from its larger size. Although C7H8 SR with the composite catalyst
is under severe internal diffusion limitations, the SR@ Sil51% catalyst still has slight conversion
because cracks or inherent grain boundaries.
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Table 5.5 Internal diffusion limitations on SR@ Sil51% catalyst
Sample
Reaction Internal diffusion
Thiele
Effectiveness
limitation (Weisz- Modulus
Factor (η)
Prater Criteria)
(Φn)

SR@
Sil51%
SR@
Sil51%

CH4 SR

342.4>1

18.5

0.153

C7H8 SR

1.5 ∗ 107 ≫ 1

1.2*106

2.5*10-6

77

CHAPTER 6: COMBINATION OF ZEOLITE MEMBRANE COATED COMPOSITE
STEAM REFORMING CATALYST AND FISCHER-TROPSCH (CRAFT) CATALYST
FOR A SINGLE-STEP CONVERSION OF BIOMASS TO LIQUID (BTL) FUELS

6.1 Introduction
The necessity for clean, sustainable, environmental friendly and local produced fuel is
pushing the word to investigate production synthetic transportation fuel from biomass. While
Biomass to Liquid process (BTL) process look attractive, there is an economy of scale issue which
is resistance to invest in smaller facilities and causes massive chemical plants which are not
feasible for all feedstock – product combinations. Thus, this promising process is still far from
commercialization and only pilot plants are available at the time

154

. To produce affordable

synthetic fuel and bring it to the market, combination of BTL process steps such as Steam
Reforming (SR) and Fischer-Tropsch Synthesis (FTS) processes to convert biomass directly to
hydrocarbons can be a solution for the economy of scale issue. This combination is named as
“process intensification” in chemical process engineering for the development of smaller, safer,
more flexible, more efficient, and less costly processes based on the use of novel equipment and
devices by developing of novel technologies and methodologies155. The concept of the
Combination of Reforming and FT (CRAFT) processes to convert methane directly to
hydrocarbons studied first by Hutchings et al

156

. The authors selected Ru and Co catalysts for

study. However, the initial results at 573K indicate that very low conversion of methane of (4%)
to C2–C4 hydrocarbons can be achieved with un-optimized catalysts.
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Steam reforming and FTS reactions are given below:
(1)
(2)

CH 4  H 2O 
 CO  3H 2 ΔHr,o (g) = 206 kJ mol CO-1

nCO  (2n  1) H 2  Cn H 2 n  2  nH2O ΔHr,o (g) ≈ -165 kJ mol CO-1

Although CRAFT concept can be a solution for economy of scale issue, there are some
challenges in this concept such as operating temperature differences in steam reforming and FTS
processes and open active site environment for reactants which causes back reactions. While steam
reforming process is happening at relatively high temperature (~800°C), selectivity towards liquid
fuels are favored by low temperature (340°C for high temperature FT process) in FTS process157.
However, there are many studies to reduce the reforming temperature using different supports and
promoters to reduce the operating cost. For instance Matsumura et al. studied effect of support
such as silica, γ-alumina, and zirconia for nickel catalysts in steam reforming of methane at 500
°C158. The authors found that nickel supported on zirconia is the most effective in the stream
reforming at 500 °C (25.5% with CH4 conversion). Elsayed et al. studied platinum loading effect
onto 1.34 wt% Ni/1.00 wt% Mg loaded (Ce0.6Zr0.4)O2 support by loading 0-0.64wt% Pt in Dry
Reforming159. The authors found that the lowest CH4 and CO2 conversion temperatures at 454 °C
and 437 °C, respectively, using a 0.16% Pt–Ni–Mg/(Ce0.6Zr0.4)O2 catalyst and they claim that the
Pt/Ni/Mg/Ce0.6Zr0.4O2 catalyst has among the highest activities in the literature (if Ir and Rh
catalysts are not included).
In this study, the proposed CRAFT catalyst is a combination of a zeolite encapsulated low
temperature steam reforming catalyst and high temperature FTS catalyst. In this combination, low
temperature 0.16% Pt–Ni–Mg/(Ce0.6Zr0.4)O2 reforming catalyst was used as SR catalyst. The high
temperature Fe based FTS catalyst will be utilized to surpass operating temperature difference
issue. 0.16% Pt–Ni–Mg/(Ce0.6Zr0.4)O2 reforming catalyst was coated with H-β zeolite membrane
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to hinder back reactions by separating two active sites. The usage of zeolite membrane (to control
molecular traffic) allows entering and exiting the small molecules from SR catalyst such as CH4
and H2O as reactant and CO and H2 as product of SR reaction, rejecting others with large molecular
size such as FT reaction products and tar molecules (Figure 6.1). Thus, not only achieve local
separation of reactants to lower thermodynamic barriers but also protect the steam reforming
catalyst from tar species.

Figure 6.1 Proposed CRAFT (combination of reforming and FT) catalyst

Additionally, steam reforming is endothermic while FTS is exothermic and combining the
SR and FTS catalyst, biggest portion of the required heat for SR will be provide from FTS reaction
which is demonstrating efficient heat integration. Thus, using CRAFT catalyst, a single-step
conversion of methane to liquid fuels will achieves while lowering the cost of heating, cooling,
separation and recycle steps (Figure 6.2). In this chapter, the synthesis, characterization and steam
reforming (CH4 and C7H8) results of the triple H-β Zeolite encapsulated low temperature steam
reforming catalyst, which can be utilized in combination of the triple H-β Zeolite encapsulated low
temperature SR catalyst and FTS catalyst, will be explained. Combination of the triple H-β Zeolite
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encapsulated low temperature SR catalyst and FTS catalyst will be explained in the next chapter
as a future works.

Figure 6.2 Intensified Biomass to Liquid (BTL) process

6.2 Experimental
6.2.1 Synthesis
6.2.1.1 Synthesis of H-β Zeolite
The H-β zeolite was synthesized with the hydrothermal synthesis method described in our
previous study.124 For preparation H-β zeolite precursor solution, 14.4 g of 25 wt%
Tetraethylammonium Hydroxide (TEAOH) in water (Acros Organics, Inc.), 4.1 g of SiO2 (99.98%
pure; CAB-O-SIL M-5, scintillation grade, Acros Organics, Inc.), 0.3 g of ((CH3)2CHO)3Al
(Aluminum iso-propoxide, ≥98% pure; Sigma–Aldrich, Inc.), and 3.6 g of deionized (DI) water
was used. All chemicals were mixed under continuous stirring at room temperature for 2 h and
then the precursor solution was added into an autoclave and it was kept at 155°C for 3 days for
crystallization. After that, the solution was centrifuged to separate liquid and solid phases. The
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solid part was washed with distilled water until its pH value was less than 8. Then, it was dried at
120°C for 12 h and was calcined at 550 °C for 8 h.
6.2.1.2 Synthesis of (Ce0.6Zr0.4)O2 / 0.16wt%Pt–1.34wt%Ni–1.00wt%Mg Steam Reforming
Core Catalyst
The steam reforming (Ce0.6Zr0.4)O2/0.16wt%Pt–1.34wt%Ni–1.00wt%Mg catalyst was
synthesized by Elsayed et al.159 The procedure to synthesis the catalyst was given in the literature.
According to procedure, Cerium-Zirconium oxide support synthesized first via a co-precipitation
The Ce (NO3)3 × 6H2O (99.5% pure metal basis) and ZrO(NO3)2 × H2O (99.9% pure metal basis)
were dissolved in 150ml DI water and precipitated with NH4OH (27%, w/w NH3). The solution
was filtered and re-dispersed into a 0.25 M NH4OH solution. The re-filtered solution dried in an
oven at 60 °C for 1 h and 120 °C overnight. After drying, calcination was performed at 800 °C for
4 h. Ni, Mg and Pt were loaded by incipient wetness impregnation. All of the precursors (desired
amount) were dissolved in an appropriate amount of DI water. The solution was then added to the
support until incipient wetness and then dried in an oven for 2 h at 120 °C. The incipient wetness
process was repeated until all the solution was added. The powder was calcined at 600 °C for 3 h
after the final drying step.
6.2.1.3 Synthesis of Triple H-β Zeolite (60 wt %) Coated Composite Steam Reforming
Catalyst
The 60 wt % H-β zeolite coated composite SR catalyst was prepared by triple physical
coating method by modifying the single physical coating (physically adhesive) method given in
the literature.18, 103 Silica sol (Ludox: 40 wt%, Sigma–Aldrich, Inc.) was used as binder for H-β
zeolite to SR catalyst. Silica sol (3.08 g) was diluted with 1.5 times DI water (4.6 g) by weight.
The encapsulation of the H-β zeolite was performed in two steps. First, 0.52 g SR catalyst was wet
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impregnated by spraying the prepared silica sol solution and 0.16 g of the H-β zeolite powder was
mixed with the moistened SR catalyst in a round bottomed flask, which followed by vigorously
shaken until zeolite shell formed. The obtained catalyst was dried at 120°C for 12 h and calcined
at 500°C for 3 h. Then, the resulting material was wet impregnated one more time with prepared
silica sol solution and 0.38 g of H-β zeolite powder was mixed with the moistened SR catalyst in
a combustion boat, vigorously and carefully shaken until the formation of second zeolite shell
coating. The obtained catalyst was dried again at 120°C for 12 h and calcined at 500°C for 3 h.
After the second calcination, the coating step was repeated third time using 0.24 g of the H-β
zeolite powder. The obtained catalyst was dried at 120°C for 12 h and calcined at 500°C for 3 h to
increase the mechanical strength of zeolite shell, which resulted in a 60 wt% of H-β zeolite
encapsulated composite SR catalyst.
6.2.2 Characterization Methods
X-ray diffraction (XRD) was conducted using a Bruker AXS XRD equipped with a Cu Kα
radiation source (0.154 nm) at 40 kV and 40 mA. The machine was operated in a Bragg angle (2θ)
range of 20°−90°. The step size was 0.02 for H-β zeolite and 0.004 for the SR catalyst. N2
physisorption experiments were performed using a Quantachrome Autosorb-iQ to obtain the
Brunauer−Emmett−Teller (BET) surface area, pore volumes. The morphology of the samples was
determined with Hitachi S-800 scanning electron microscopy (SEM) equipped with an Ametek
EDAX, which provides the information on surface elements (using a tilt angle of 30°).
6.2.3 Reaction Studies
The reactions were performed in a fixed-bed quartz U-tube microreactor with internal
diameter of 4 mm. The catalyst was loaded between two layers of high-temperature quartz wool
in the U-tube, and it was placed into a Thermoscientific Thermolyne furnace. The temperature of
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the furnace was controlled using a Eurotherm 3110 proportional −integral − derivative (PID)
controller. A manifold that was connected to Alicat Scientific mass flow controllers and two quartz
bubblers (toluene and steam) was used to feed the U-tube reactor. The total flow rate was 75
standard cubic centimeters per minute (sccm) (0.64% CH4, 0.64% H2O, and 98.7% He) for CH4
SR, 32.6 sccm (1% C7H8, 7% H2O, and 92% He) for C7H8 SR. PerkinElmer gas chromatography
(GC) that has a Hayesep-D packed column and thermal conductivity detector (TCD) was used to
analyze the effluent gas from the reactor. All of the feed and outlet lines were wrapped with heating
tape to prevent condensation prior to entering GC. The mass of catalysts for CH4 SR was 23.6 mg
of H-β Zeolite coated SR catalyst and for C7H8 SR was 21 mg of H-β Zeolite coated SR catalyst.
Reaction conditions were 450 and 500°C, atmospheric pressure, and stoichiometric feeds (i.e.,
molar ratios of CH4/H2O = 1 and C7H8/H2O = 1:7 for the respective reactions). The reaction
procedure was similar for both the CH4 and C7H8 SR reactions. The catalyst was heated (with a
ramp rate of 1 °C/min) to 800 °C and then reduced with 5% H2/He (50 sccm total flow) gas flow
for 2 h. After the reduction, the temperature was increased to the highest reaction temperature and
the reaction was started. Typical time on stream (TOS) was 1 h at each temperature for both
reactions (CH4 and C7H8 reforming experiments). Equilibrium conversion for both CH4 and C7H8
was also calculated using ASPEN PLUS software at the same conditions as the experiments
(temperature at between 350- 500 °C, pressure at 1 atm, feed ratios: CH4:H2O=1/1 and
C7H8:H2O=1/7).
6.3 Results and Discussion
6.3.1 Catalyst Characterization
XRD was carried out to determine whether the zeolite phase was successfully formed in
composite catalysts. The results for uncoated low temperature SR catalyst (a), pure H-β zeolite
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powder (b), and triple 60 wt% H-β Zeolite coated composite steam reforming catalyst (c), CH4 SR
post-reaction composite catalyst (d), and C7H8 SR post-reaction composite catalyst (e) are shown
in Figure 6.3, with Miller indices as red and black text indicating the SR and H-β zeolite phases,
respectively. The XRD patterns of the SR catalyst (a) and H-β zeolite (b) are compatible with the
literature. The 60 wt% H-β Zeolite coated composite steam reforming catalyst profile perfectly
matched with the H-β zeolite and SR catalyst showing that the composite catalyst did not change
during the preparation process. XRD patterns of the CH4 and C7H8 SR post-reaction samples
demonstrated all H-β zeolite and SR catalyst diffraction lines, indicating that the structure of the
composite catalysts was maintained during the reactions.

Figure 6.3 XRD patterns. (a) Low temperature reforming catalyst 159, (b) H-β Zeolite, (c) triple
60 wt% H-β Zeolite coated composite steam reforming catalyst

BET surface areas, total pore volumes, mesopore volumes [Barrett−Joyner−Halenda (BJH)
method], and micropore volumes (SF method) of the pre- and post-reaction samples are listed in
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Table 6.1. The BET surfaces area of the triple 60 wt% H-β Zeolite coated composite steam
reforming catalyst was found as 283.7m2/g which was between the surface areas of the H-β zeolite
and SR core catalyst, as expected. The surface area and the pore volume of the composite catalyst
did not change after C7H8 SR reaction, indicated that the composite catalyst was not altered under
reaction conditions.

Table 6.1 BET surface area and pore volume results
Catalyst
BET
Total Pore
surface
Volume
area (m2/g)
(cm3/g)
31
0.069
Reforming159
723
0.455
H-β Zeolite
284
0.246
Fresh Composite
284
0.246
C7H8 SR PostReaction

Mesopore volume
(BJH method)
(cm3/g)
0.008
0.105
0.123
0.123

Micropore pore
volume (SF
method ) (cm3/g)
0.007
0.356
0.137
0.137

SEM image of the triple 60wt% H-β Zeolite coated composite steam reforming catalyst
shown in Figure 6.4. The composite catalyst demonstrated a very uniform and homogeneous shell
in Figure 6.4 A, which helps to judge further that the H-β zeolite shell coated successfully. Energydispersive spectroscopy (EDS) analysis was also employed to analyze the elemental composition
of the SR@ β51% pre-reaction catalyst and cross-section of this sample. The EDS spectra are
shown in Figure 6.4 B, with weight and atomic percentages of elements as insets. From the EDS
spectrum of the triple 60 wt% H-β Zeolite coated composite steam reforming catalyst, the SR core
catalyst elements (Ni, Mg, Ce, and Zr) were not detected on the surface of the composite catalyst.
Additionally, Pd and Au elements were detected because Au−Pd was coated to make the composite
catalyst conductive. From EDS analysis, SEM images, and XRD patterns showed that the
encapsulation of the core SR catalyst by H-β zeolite was successful.
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Figure 6.4 SEM images of triple H-β zeolite coated composite steam reforming catalyst (A),
EDS analysis result of the triple H-β zeolite coated composite steam reforming catalyst (B)

6.3.2 Reaction and ASPEN Simulation Results
CH4 and C7H8 steam reforming was performed on the triple 60 wt % and double 51 wt %
H-β Zeolite coated composite steam reforming catalyst to conversions and the results are presented
in Table 6.2. When compare the CH4 and C7H8 conversions results on 60 wt% and 51 wt%
composite catalyst, CH4 conversions was similar on both composite catalysts, however C7H8
conversion decreased on the 60 wt% composite catalyst as a result of the increased diffusion
limitation with increase zeolite loading.

Table 6.2 CH4 and C7H8 steam reforming results
Temperature (°C)
60 wt%

51 wt%
CH4 Conversion (%)

450

3.3

3.2

500

5.2

4.9
C7H8 Conversion (%)
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Table 6.2 (Continued)
450
500

~No Conversion

0.7

~No Conversion

1.2

Equilibrium conversion for both CH4 and C7H8 steam reforming was also calculated using
ASPEN PLUS software at the same conditions as the experiments (temperature at between 350500 °C, pressure at 1 atm, feed ratios: CH4:H2O=1/1 and C7H8:H2O=1/7) and the result for the
CH4 conversion is given in Figure 6.5 C7H8 conversion was found 100 % at the specified
temperatures (Details are given in Appendix E).

Figure 6.5 CH4 equilibrium conversion modeling result

From characterization and the reaction results, it can be concluded that the 60 wt% H-β
Zeolite coated composite steam reforming catalyst can be utilized to synthesis of combination of
zeolite encapsulated low temperature steam reforming catalyst and high temperature FTS catalyst.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORKS

Biomass to Liquid (BTL) is one of the promising processes available to produce renewable
liquid fuels. However, two major challenges in the BTL process need to be solved to synthesize
affordable fuel from biomass. First major challenge is insufficient H2:CO ratio of biomass
gasification product for FTS step due to formation of methane and tars. The steam reforming of
hydrocarbons is used to improve the H2:CO ratio but tars cause the catalysts deactivation rapidly.
Second one is economy-of-scale issue. Encapsulated catalysts with inorganic materials have been
studied widely in the literature to synthesize active, selective and stable catalysts for XTL process.
Thus, to obtain a catalyst which is capable of reforming methane without potential for deactivation
by tars, the encapsulation of a core reforming catalyst with porous zeolite shell was examined in
this dissertation.
In

the

2nd

chapter

of

this

study,

34.3

wt%

H-β

zeolite

encapsulated

1.6wt%Ni/1.2wt%Mg/Ce0.6Zr0.4O2 composite SR catalyst was studied to investigate reactant
selectivity effect of the H-β zeolite shell on methane and toluene (as a tar model) steam reforming.
SEM, XRD and EDS characterization results of the catalysts proved that H-β zeolite shell was
coated successfully on the SR catalyst. The pore size of H-β zeolite was found between molecular
size of CH4 and C7H8 from the physisorption experiments. CH4 SR results indicated that coating
SR catalyst with the H-β zeolite shell increased the catalyst activity due to either prolonged
interactions with the catalyst and/or Al+3 promotion to active sites. However, C7H8 SR results
showed that the H-β zeolite coated composite catalyst had lower C7H8 conversions than uncoated
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SR catalyst due to reactant selectivity effect of the shell. These results confirmed that H-β zeolite
encapsulated composite SR catalyst can be used as a size selective catalyst in reforming.
In the 3rd chapter, the effect of zeolite shell thickness, which is proportional to zeolite
amount added, on the reactant selectivity was studied on 51 wt% H-β zeolite encapsulated
1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2 steam reforming composite catalyst. SEM-EDS and XRD
analyses indicated that H-β zeolite shell was coated successfully on the core catalyst. The reaction
results indicated that increasing the zeolite shell thickness decreased both the CH4 and C7H8
conversions, due to increased diffusion limitation. Weisz-Prater Criterion and effectiveness factor
calculations showed that the reactions were occurring in the diffusion limited regime and diffusion
control increased with increasing zeolite loading. Reactant selectivity increased by 1.5 times with
increasing zeolite thickness. WHSV comparison of physical mixture samples for C7H8 SR
confirmed that H-Beta zeolite improved the C7H8 conversion by its acidity and/or Al3+ promotion.
Even though grain boundaries or the polycrystalline nature of the zeolite shell could provide access
of C7H8 to the SR catalyst core, negligible C7H8 conversion was contributed to the core because
the zeolite alone control experiment yielded similar conversion to the 51 wt% H-β zeolite
encapsulated catalyst. Combined steam reforming was performed on the 51 wt% H-β zeolite
encapsulated and uncoated SR catalysts for 10 h TOS indicated that composite catalyst was stable
during the reaction but uncoated SR catalyst deactivated.
In the 4th Chapter, zeolite acidity effect was studied on the reactant selectivity using a 51
wt% non-acidic silicalite-1 zeolite encapsulated 1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2 steam
reforming composite catalyst. The catalyst characterization (XRD, SEM, EDS) results
demonstrated that the silicalite-1 shell was encapsulated successfully on the SR catalyst. The CH4
and C7H8 SR results indicated that encapsulated non-acidic (Silicalite-1) zeolite on the SR core
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catalyst decreased both the CH4 and C7H8 conversions compared to the acidic H-β zeolite because
of eliminating contribution to the conversion by zeolite shell acidity. A small conversion of C 7H8
was observed, possibly due to shell imperfections, such as grain boundaries, the polycrystalline
nature of the zeolite shell, or the cracks formed at high temperatures. These imperfections may
provide access of C7H8 to the SR catalyst core. Weisz-Prater Criterion and effectiveness factor
calculations showed that the reactions were occurring in the diffusion limited regime.
Simultaneous steam reforming was carried out on the SR@ Sil51% and uncoated SR catalysts for
10 h TOS indicated that composite catalyst was stable during the reaction but uncoated SR catalyst
deactivated as expected.
Lastly, in the 5th chapter, 60 wt% H-β zeolite encapsulated low temperature 0.16wt%Pt–
1.34wt%Ni–1.00wt%Mg/(Ce0.6Zr0.4)O2 steam reforming composite catalyst was synthesized for
use in the combination of steam reforming and Fischer-Tropsch synthesis catalyst. SEM and EDS
results demonstrated that the H-β zeolite shell was encapsulated successfully on the low
temperature SR catalyst. The CH4 and C7H8 steam reforming results showed that this composite
catalyst can be used to synthesis of combination steam reforming and Fischer-Tropsch synthesis
catalyst since no C7H8 conversion was seen at 450°C and 500°C while there is CH4 activation on
it. To sum up, we demonstrated through multiple studies that zeolite coated SR catalyst structures
can be used to control reactant selectivity, allowing it to be used in practical industrial reactors to
reduce deactivation as well as in process intensification.
Future directions based on the study presented herein include (i) examination of the
combination of BTL process steps such as Steam Reforming (SR) and Fischer-Tropsch Synthesis
(FTS) processes to convert biomass directly to hydrocarbons for a possible solution for the
economy of scale issue (as explained chapter 5). To synthesize combine catalyst, high temperature
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Fe based FTS catalyst (Fe/Cu/K) can be coated onto the synthesized H-β Zeolite encapsulated low
temperature steam reforming catalyst to overcome temperature differences with the steam
reforming and FTS reactions. After synthesizing the combined catalyst, CH4 steam reforming can
be performed on it to analyze the catalyst performance. Thereby, the syngas which produced by
steam reforming will be the reactants of the FTS catalyst. (ii) Reaction-diffusion modeling on the
zeolite encapsulated composite catalyst to investigate the concentration changes of the reactants
(CH4 and C7H8) and products with time and position through the zeolite shell using MATLAB or
COMSOL modeling tools. (iii) Investigation of scaled up versions of the encapsulation process
onto the reforming catalyst to make the techniques more commercially viable. The zeolite
encapsulated steam reforming composite catalyst was synthesized by vigorously shaking of the
wet impregnated steam reforming catalyst and zeolite until the zeolite shell formed. This procedure
was done by hand and since the synthesis was lab scale it was not a challenge. However, shaking
by hand will be a big challenge to scaling up the synthesis of the composite catalyst. Thus, other
encapsulating methods (such as hydrothermal synthesis method) which hand-shaking was not
being used can be applied to synthesis zeolite shell directly over the steam reforming catalyst.
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A.1 Permission for Use of Material in Chapter 1
Below is permission for the use of materials in Chapter 1.
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A.2 Permission for Use of Material in Chapter 2
Below is permission for the use of materials in Chapter 2.
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A.3 Permission for Use of Material in Chapter 3
Below is permission for the use of materials in Chapter 3.
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A.4 Permission for Use of Material in Chapter 4
Below is permission for the use of materials in Chapter 4.
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A.5 Permission for Use of Material in Chapter 5
Below is permission for the use of materials in Chapter 5.
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 5

Table B.1 Reaction types, catalysts composition and amounts
CH4 Steam Reforming
Total Flow Rate: 75 sccm (0.64%CH4-0.64%H2O-98.7%He)
Catalyst Composition
Notation
Catalyst amount (mg)
Uncoated steam reforming
Uncoated SR
11.3
124
catalyst:1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2
51wt% Silicalite-1 zeolite coated composite
SR@ Sil51%
23.6
steam reforming catalyst
51wt% H-β zeolite coated composite steam
SR@ β51%
23.6
141
reforming catalyst
Physical mixture of Silicalite-1 zeolite/SR
PM-51%Sil/SR
23.6 (11.3 mg SRcatalyst
12.3mg H-β zeolite)
Silicalite-1 zeolite by itself
12.3
C7H8 Steam Reforming
Total Flow Rate: 32.6 sccm (1% C7H8, 7% H2O, 92% He)
Catalyst Composition
Notation
Catalyst amount (mg)
Uncoated steam reforming
Uncoated SR
10.3
catalyst:1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2124
51wt% Silicalite-1 zeolite coated composite
SR@ Sil51%
21
steam reforming catalyst
51wt% H-β zeolite coated composite steam
SR@ β51%
21
reforming catalyst 141
Physical mixture of Silicalite-1 /SR catalyst
PM-51%Sil/SR
21 (10.3 mg SR10.7mg H-β zeolite)
H-β zeolite by itself (powder)
10.7
CH4-C7H8 Steam Reforming A 10-hour time on stream experiment Total Flow Rate: 32.6
sccm (1% C7H8, 1.5% CH4, 7% H2O, 90.5% He)
Catalyst Composition
Notation
Catalyst amount (mg)
51wt% Silicalite-1 zeolite coated composite
SR@ Sil51%
23.6
steam reforming catalyst
Uncoated steam reforming
Uncoated SR
11.3
catalyst:1.6wt%Ni-1.2wt%Mg/Ce0.6Zr0.4O2141
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Figure B.1 XRD Patterns of the catalysts. Red and black Miller indices indicate SR catalyst and
Silicalite-1 zeolite phases, respectively.

Table B.2 Values that were used in the calculations of Weisz−Prater criteria, Thiele moduli, and
effectiveness factors
(rA)obs,
Effective
qc, density of R, radius of CAs, reactant
observed
Diffusivity
solid
the catalyst concentration,
reaction rate,
(cm2/s at
catalyst,
particle,
(kmol/m3 )
(kmol/kg cat.s-1)
800°C)
(kg/m3)
(m)
-6
-4
1.84*10
5.6*10
1.1*10-3
7.27*10-5
CH4
626
SR
7.44*10-7
3.9*10-9
1.1*10-3
1.16*10-4
C7H8
760
SR
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Figure B.2 Repeated experiment for simultaneous CH4 and C7H8 steam reforming on SR@
Sil51% under the same condition with another batch of catalyst that synthesized same way. (left)
CH4 steam conversion with TOS and (right) C7H8 conversion with TOS.
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APPENDIX C: INTERNAL DIFFUSION LIMITATIONS CALCULATIONS FOR
CHAPTER 5

Weisz-Prater Criterion equation is given below.
Cwp=

−𝑟𝐴(𝑜𝑏𝑠)∗𝑞𝑐∗𝑅 2
𝐷𝑒∗𝐶𝐴𝑠

where –rA (obs) is the observed reaction rate, qc is density of solid catalyst, R is radius of a catalyst
particle, De is effective diffusion coefficient and CAS is reactant concentration at the surface.

Table C.1 Values that were used in the calculations of Weisz−Prater criteria, Thiele moduli, and
effectiveness factors
Sample Reaction Effective
Diffusivity
(cm2/s

-rA

Diameter (D) Radius (R) of

at (kmol/kgcat.s) of the samples the samples

800°C)

(m)

(m)

51wt%

CH4 SR

5.6*10-4

1.83819*10-6

2.2*10-3

1.1*10-3

51 wt %

C7H8 SR

3.9*10-9

7.44478*10-7

2.2*10-3

1.1*10-3

119

–rA (obs) = 1.83819*10-6 kmol/(kg cat.s)
qc=

𝑚𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
𝜋𝐷2
∗ℎ
4

23.6∗10−6 𝑘𝑔

=𝜋(0.004𝑚)2
4

∗0.003𝑚

= 626.32

𝑘𝑔
𝑚3

De=5.6*10-4 cm2/s=5.6*10-8 m2/s
nCH4=1.962*10-5 mol/minVtotal=75 sccm at 298K (25°C)
Vtotal=270 sccm at 1073K (800°C)
CAS=CA(CH4)=

1.962∗10−5

=7.265*10-8 mol/cm3=7.265*10-5 kmol/m3

270

R51wt%= 1.1*10-3 m
So,
Cwp=

(1.83819∗10−6 )∗(626.32)∗(1.1∗10−3 )2
(5.6∗10−8 )∗(7.265∗10−5 )

= 342.4 > 1

There is internal diffusion limitation for 51 wt% CH4 SRR.
–rA (obs) = 7.44478*10-7 kmol/(kg cat.s)
qc=

𝑚𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
𝜋𝐷2
∗ℎ
4

21∗10−6 𝑘𝑔

=𝜋(0.004𝑚)2
4

∗0.0022𝑚

= 760

𝑘𝑔
𝑚3

De=3.9*10-9cm2/s=3.9*10-13 m2/s
nC7H8=1.36*10-5 mol/min
Vtotal=32.6sccm at 298K (25°C)
Vtotal=117.32sccm at 1073K (800°C)
1.36∗10−5

CC7H8=

117.32

=1.16*10-7 mol/cm3=1.16*10-4 kmol/m3
R51wt%= 1.1*10-3 m

So,
Cwp=

(7.44478∗10−7 )∗(760)∗(1.1∗10−3 )2
(3.9∗10−13 )∗(1.16∗10−4 )

= 1.5 ∗ 107 ≫ 1

There is internal diffusion limitation for 51 wt% C7H8 SRR.
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Thiele Modulus (Φn) and Effectiveness Factor (η) calculation is given below for CH4 SRR
51 wt%.

𝛷𝑛 = 𝑅 ∗ √

(−𝑟𝐴 ) ∗ (𝑞𝑐 )
(𝐷𝑒 ) ∗ (𝐶𝐴𝑆 )

(1.83819∗10−6 )∗(626.32 )

𝛷𝑛 = 1.1 ∗ 10−3 ∗ √ (5.6∗10−8 )∗(7.265∗10−5 ) =18.5
𝜂=

𝟑
(𝛷𝑛𝑐𝑜𝑡ℎ𝛷𝑛 − 1)
𝛷𝑛𝟐
𝜂 = 0.153

Thiele Modulus (Φn) and Effectiveness Factor (η) calculation is given below for C7H8 SRR
51 wt%.
(7.44478∗10−7 )∗(760 )

𝛷𝑛 = 1.1 ∗ 10−3 ∗ √(3.9∗10−13 )∗(1.16∗10−4 )=1.2*106
𝜂=

𝟑
(𝛷𝑛𝑐𝑜𝑡ℎ𝛷𝑛 − 1)
𝛷𝑛𝟐
𝜂 =0.0000025

Table C.2 Results of Weisz−Prater criteria, Thiele moduli, and effectiveness factors for
Silicalite-1 zeolite composite catalyst
Sample
Reaction Effective
Internal diffusion Thiele
Effectiveness
Diffusivity
(cm2/s

limitation (Weisz- Modulus

at Prater Criteria)

Factor (η)

(Φn)

800°C)
51 wt %

CH4 SR

5.6*10-4

51 wt %

C7H8 SR

3.9*10-9

342.4>1
1.5 ∗ 107 ≫ 1
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18.5
1.2*106

0.153
0.0000025

APPENDIX D: PROPAGATION OF ERROR FOR CH4 CONVERSION

To calculate the propagation of error in CH4 conversion, uncertainties must be known tahat
effect the conversion calculation. The uncertainty for the flowmeter is ±.04 sccm. The uncertainty
for the area was ± 26 µV*s (for 51wt% composite catalyst sample at 780°C). The linear
relationship below was obtained to calibrate CH4 concentration from GC area under the peak.
A=10362*f
where A is GC area under peak in μV*s, and f is flow of CH4 in sccm.
The calibration constant (CCH4) is given below.
𝐶𝐶𝐻4 =

𝐴
𝑓

Error in the CH4 calibration constant can be calculated with the formula below.
𝜎=√(

𝜕𝐶𝐶𝐻4 2 2
) 𝜎𝐴
𝜕𝐴

𝜕𝐶𝐶𝐻4
𝜕𝐴

+(

1

= 𝑓 and

𝜕𝐶𝐶𝐻4 2 2
) 𝜎𝑓
𝜕𝑓

𝜕𝐶𝐶𝐻4

=

𝜕𝑓

−𝐴
𝑓2

Choosing f to be ±.48 sccm and A to be the average 4597 the uncertainty in the constant
can be calculated below.
1

−4597

𝜇𝑉∗𝑠

𝜎𝑐𝐶𝐻4 =√(0.48)2 262 + ( 0.482 )2 0.042 =54.5𝑠𝑐𝑐𝑚
The uncertainty in the flow of CH4 given below.
𝜎𝑓𝑐𝑎𝑙𝑐 =√(

𝜎𝑓𝑐𝑎𝑙𝑐 2 2
) 𝜎𝐴
𝜕𝐴
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𝜎𝑓

+ (𝜕𝐶𝑐𝑎𝑙𝑐 )2 𝜎𝐶𝐶𝐻4 2
𝐶𝐻4

𝜎𝑓𝑐𝑎𝑙𝑐
1
=
𝜕𝐴
𝐶𝐶𝐻4
𝜎𝑓𝑐𝑎𝑙𝑐
−𝐴
=
𝜕𝐶𝐶𝐻4 𝐶𝐶𝐻4 2
The average inlet area was 4597, and calculated constant was 10362. Thus,
1

4597

𝜎𝑓𝑐𝑎𝑙𝑐 =√(10362)2 262 + (103622 )2 54.52 = 3.42 ∗ 10−3 sccm
𝜕

𝜕

𝜎𝑛 = √(𝜕𝑛)2 𝜎𝑇 2 + (𝜕𝑓 𝑛 )𝜎𝑓𝑐𝑎𝑙𝑐 2
𝑇

𝑐𝑎𝑙𝑐

𝑛=

𝑃𝑓𝑐𝑎𝑙𝑐
𝑅𝑇

𝜕𝑛 −𝑃𝑓𝑐𝑎𝑙𝑐
=
𝜕𝑇
𝑅𝑇 2
𝜕𝑛
𝑃
=
𝜕𝑓 𝑅𝑇
where P is 1, 𝑓𝑐𝑎𝑙𝑐 is 0.44364 sccm and T is 323 K (the GC detector column temperature).
𝜎𝑛 = √(

−1 ∗ 0.44364 2 2
1
𝑚𝑜𝑙
) 5 +(
)2 (3.42 ∗ 10−3 )2 = 2.89 ∗ 10−7
2
82.0575 ∗ 323
82.0575 ∗ 323
𝑚𝑖𝑛
𝑋=

𝐹𝐶𝐻4,0 −𝐹𝐶𝐻4
𝐹𝐶𝐻4,0

The error in the conversion can be calculated using 𝜎𝑛 :
𝜎𝑋 = √(

𝜕𝑋 2 2
𝜕𝑋
𝜕𝑋
𝐹𝐶𝐻4
) 𝜎𝑛 + (
)𝜎𝑛 2
=−
𝜕𝐹𝐶𝐻4,0
𝜕𝐹𝐶𝐻4
𝜕𝐹𝐶𝐻4,0
𝐹𝐶𝐻4,0 2
𝜕𝑋
1
=−
𝜕𝐹𝐶𝐻4
𝐹𝐶𝐻4,0
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For 𝐹𝐶𝐻4,0 = 1.5323*10-5 mol/min (using same experimental conditions) and 𝐹𝐶𝐻4 =
1.17 ∗ 10-5 mol/min (the average for all experimental runs), the error in conversion can be
calculated:
𝜎𝑋 = √(−

1.17∗ 10−5
1.5323∗10−5

−1

2

)2 (2.89 ∗ 10−7 )2 + (1.5323∗10−5 )2 (2.89 ∗ 10−7 )2 =0.024
𝜎𝑋 = ±2.4%

The uncertainty associated with the catalyst mass was 1% (from scale that was used to
weigh catalyst). Thus, the final uncertainty (𝜎𝑋𝑓 ) in conversion is:
𝜎𝑋𝑓 = ±3.4%
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APPENDIX E: ASPEN SIMULATION DETAILS

The species of the CH4 and C7H8 steam reforming inlet and outlet streams are given Table
E1 and Table E2 for temperature 400°C and pressure 1 atm (Using Ideal Thermodynamic Method).

Table E.1 CH4 steam reforming inlet and outlet streams
Species
Inlet
Outlet
(kmol/sec) (kmol/sec)
CH4
1
0.903
H2O
1
0.808
CO
0
0.004
H2
0
0.386
CO2
0
0.094

Table E.2 C7H8 steam reforming inlet and outlet streams
Species
Inlet
Outlet
(kmol/sec)
(kmol/sec)
C7H8
1
1.1e-16
H2O
7
1.677
CO
0
0.094
H2
0
0.739
CO2
0
2.614
CH4
0
4.292
C6H6
0
3.48e-14
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The flowsheet for the model is given below:

Figure E.1 Flowsheet for the ASPEN model
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APPENDIX F: FLOWCHARTS FOR SYNTHESIS PROCEDURES OF THE
ENCAPSULATED CATALYSTS

Flowchart is given below for synthesis of H-β Zeolite (Hydrothermal Synthesis Method).

Figure F.1 Flowchart for synthesis of H-β zeolite using
Hydrothermal Synthesis Method
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Flowchart is given below for synthesis of Silicalite-1 Zeolite (Hydrothermal Synthesis
Method).

Figure F.2 Flowchart for synthesis of silicalite-1 zeolite using
Hydrothermal Synthesis Method
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Flowchart is given below for synthesis of 1.6wt%Ni/1.2wt%Mg/Ce0.6Zr0.4O2 steam
reforming core catalyst.

Figure F.3 Flowchart for synthesis of Ce0.6Zr0.4O2
support
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Figure F.4 Flowchart for synthesis of 1.6wt%Ni/1.2wt%Mg/Ce0.6Zr0.4O2 catalyst
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Flowchart is given below for synthesis of zeolite encapsulated composite steam reforming
catalyst.

Figure F.5 Flowchart for synthesis of zeolite encapsulated composite steam reforming catalyst.
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The pictures of the synthesized catalysts are demonstrated below.

Figure F.6 Pictures of the synthesized catalysts
The electron microscopy image of the cross section of H-β zeolite encapsulated composite
catalyst is shown below (sample was placed in epoxy):

H-β zeolite shell

1.6 wt % Ni−1.2 wt
%Mg/Ce0.6Zr0.4O2

Figure F.7 The electron microscopy image of the cross section of H-β zeolite encapsulated
composite catalyst

132

APPENDIX G: EXAMPLE GC PEAKS AND CONVERSION CALCULATION

Example GC peaks are given below for the sample 34.3 wt% H-β zeolite encapsulated
composite catalyst (17.2 mg total catalyst and reaction temperature is for 800 °C ). The Figure G.1
and the Figure G.2 demonstrate inlet and outlet species peaks, respectively.

Figure G.1 Inlet stream for the sample 34.3 wt% H-β zeolite encapsulated composite catalyst
(17.2 mg total catalyst)
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Figure G.2 Outlet stream for the sample 34.3 wt% H-β zeolite encapsulated composite catalyst
(17.2 mg total catalyst)

The CH4 conversion was calculated with the equation below:
XCH4=(1 −

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑜𝑢𝑡
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐶𝐻4 𝑖𝑛

) ∗ 100

Area under the curve is 4703.01 for CH4 inlet and 3374.99 for the outlet CH4 from the GC
peaks. Relationship of the area under the curve of the GC peak and the mole of the species can be
found from the calibration curve:
A= (3*108)*f
where A is area and f is flow in mole/min.
Thus, the inlet CH4 is 1.57*10-5 mole/min and the outlet CH4 is 1.12*10-5 mole/min. So,
the CH4 conversion is:
XCH4=(1 −

1.12∗10−5
1.57∗10−5
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) ∗ 100=29
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